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REMARKS 

Status of the Claims 

Claims 1, 2, 5 and 9-1 1 are currently pending in the application. Claims 1, 2, 4, 5 and 8- 
11 stand rejected. Claims 1 has been amended. Claims 4 and 8 have been cancelled. All 
amendments and cancellations are made without prejudice or disclaimer. No new matter has 
been added by way of the present amendments. Specifically, the amendment to claim 1 is to 
remove the compound of formula (9), i.e. [Ka 9], from the claim. Reconsideration is respectfully 
requested. 

Rejections Under 35 U.S.C. § 112, First Paragraph 

Written Description 

Claims 4 and 8-11 stand rejected under 35 U.S.C. § 112, first paragraph, for failing to 
comply with the written description requirement. (See, Office Action of April 1, 2008, at pages 
2-3, hereinafter, "Office Action"). Claims 4 and 8 have been cancelled, thereby obviating the 
rejection of these claims. Applicants traverse the rejection as to the remaining claims. 

The Examiner states that new claim 9 is not supported by paragraph [0032] and claims 10 
and 1 1 are not supported by paragraph [0042], as stated in the previous amendment. 

In the Amendment of December 20, 2007, we referred to paragraphs [0032] and [0042] 
for support of new claims 8-11. However, these paragraphs refer to the published specification, 
not the as-filed specification. The paragraphs in the as-filed specification are [0026], [0032]- 
[0034] and [0042]. Therefore, Applicants believe that the new claims 9-11 are fully supported 
by the as-filed specification at least at paragraphs [0026], [0032]-[0034] and [0042]. 
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Reconsideration and withdrawal of the written description rejection of claims 9-11 are 

respectfully requested. 

Enablement 

Claims 4 and 8-11 stand rejected under 35 U.S.C. § 112, first paragraph, for failing to 
comply with the enablement requirement. (See, Office Action, at pages 3-8). Claims 4 and 8 
have been cancelled, thereby obviating the rejection of these claims. Applicants traverse the 
rejection as to the remaining claims. 

The Examiner states that there is no "known prior art that broadly teaches applicability of 
the compounds for treating all the recited diseases and inhibition of aldose reductase." The 
Examiner also states that to perform the method (presumably of claim 10) would require that in 
every instance the gene for aldose reductase be sequenced and after patients are treated, assays 
be performed on each to determine if treatment is successful. Furthermore, the Exarniner states 
that due to unpredictability in the art, one of skill in the art could not determine which prodrug 
encompassed by the claims might be effective and possess the required activity and which 
prodrug would be ineffective. The Examiner further states that the claims encompass treatment 
of all forms of cancer and all forms of infection. The Examiner states that Applicants have not 
provided sufficient disclosure to enable one of skill in the art to practice the claimed invention. 
Finally, the Examiner alleges that the diseases disclosed in the specification at pages 12-13 as 
being directly linked to aldose reductase activity are unsupported. That is, the Examiner alleges 
that there is no proof or scientific evidence linking these diseases to aldose reductase activity. 
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However, the present claims are not directed to nucleic acid or amino acid sequences of 
aldose reductase or determining the sequence of aldose reductase. Although such determinations 
would certainly be routine in the art, the present claims do not encompass these steps and there is 
no need to perform them to carry out the claimed method. Normal and abnormal levels of the 
enzyme gene or protein need not be determined because Applicants have clearly shown that their 
compounds inhibit the activity of the enzyme. 

Furthermore, determination of an effective dose of the claimed chemicals is within the 
capabilities of one of skill in the art, since such determinations typically require only routine 
experimentation. Applicants have also shown in Examples 10 and 11 that the claimed 
compounds have the activity claimed. Formulations and dosages for the claimed compositions 
are provided at paragraphs [0042] to [0045] of the specification. 

Applicants wish to clarify for the Examiner that although the therapeutic effects of the 
compounds of the presently claimed invention may in one embodiment be exhibited by aldose 
reductase enhancement, which is caused by an induction of mutation(s) into the aldose reductase 
gene, there are additional activities of the claimed compounds, such as direct binding and 
inhibition of the aldose reductase enzyme. 

Regarding the diabetic complications which are among the diseases recited in claim 10 
(such as cataracts, peripheral nerve disease, nephritic disease, infections caused by lowering of 
phagocytotic action of leukocytes, diabetic coma and arteriosclerosis caused by atheromatous 
degeneration in the great vessel wall), the method of treatment of the presently claimed invention 
is based on the finding that the presently claimed compounds inhibit aldose reductase enzyme 
activity. Thus, the action of the presently claimed compounds does not relate to enhancement of 
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the expression of the aldose reductase enzyme or mutation of the aldose reductase gene. (See, 
for example, the specification at least at paragraph [0035]). The inhibitory action for aldose 
reductase by the compound of claim 1 is disclosed in the specification at, for instance, Example 
10. 

The Examiner believes that the biochemical or physiological relationship between aldose 
reductase enzyme activity, and the diseases to be treated by the method of claim 10, are not 
disclosed by the present specification. However, it was well known to a person of skill in the art 
on the effective filing date of the present application that inhibition of aldose reductase enzyme 
is effective for treating diabetic complications. 

Furthermore, the biochemical mechanism of aldose reductase inhibition as it relates to 
diabetic complications was well-known as of the effective filing date of the present application. 
As evidence of the level of knowledge of one of skill in the art at the time the present application 
was filed, Applicants attach hereto a copy of Yabe-Nishimura, Pharmacol. Rev., 1998, 50(1 ):21- 
33 as Exhibit A. Yabe-Nishimura discloses, for example, at page 22, the left column, lines 3-6, 
that aldose reductase inhibitors were developed as possible therapeutic agents for diabetic 
complications. Accordingly, one of ordinary skill in the art at the time the present application 
was filed knew that compounds which inhibit aldose reductase enzyme activity were effective 
for treating diabetic complications. 

Further, the Examiner asserts that claim 10, encompassing the treatment of all categories 
of cancers and all inflammatory responses, is not enabled by the present specification. However, 
the presently claimed invention, encompassing the treatment of cancerous diseases and 
inflammatory responses, is accomplished by administering the compound of claim 1 which 
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suppresses NO production. (See, for instance, the present specification at paragraph [0033] and 
Example 11). Example 11 of the present specification shows that the compounds of claim 1 
suppress NO production. 

Suppression of NO production results in the suppression of vascularization of tissue, 
which thereby inhibits production of cancerous cells and metastasis of cancer. This therapeutic 
effect on cancer, caused by suppression of vascularization, is not limited to any specific cancer 
and is applicable to all cancers in general. 

As proof of the knowledge of one of skill in the art at the time the present application was 
filed, Applicants attach hereto as Exhibit B a publication disclosing the biochemical mechanism 
which directly links suppression of NO production to inhibition of cancer growth. (See, Gallo et 
al., J. Natl. Cancer Inst., 1998, 90(8):587-96, a copy of which is attached hereto as Exhibit B). 
Gallo et al. disclose, for example, at page 592, the left column, line 9 to line 4 from the bottom, 
that inhibition of NO synthase causes inhibition of angiogenesis in all implanted tumor samples. 

Furthermore, one of ordinary skill in the art, at the time the present application was filed, 
knew that NO levels are directly linked to general inflammatory diseases. Thus, the method of 
treatment of the presently claimed invention is clearly enabled for application in general to 
inflammatory diseases. That is, it was well known to a person of skill in the art that suppression 
of NO production is effective for treating inflammatory diseases. This is evidenced by the 
disclosure of Salvernini et al., Br. J. Pharmacol., 1996, 11 8(4): 829-3 8, a copy of which is 
attached hereto as Exhibit C. Salvernini et al. disclose, for example, at page 837, right column, 
lines 19-22, that NO synthase inhibitors exert anti-inflammatory effects. Additionally, Salvernini 
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et al., at page 836, Figure 9, disclose the mechanism(s) of action of NO on the inflammatory 
response. 

Thus, as evidenced by the cited disclosures, Exhibits A-C, one of skill in the art knew of 
the underlying biochemical mechanisms of the various diseases such as diabetes complications, 
cancer, and inflammation. Applicants believe that all of the subject matter encompassed by 
claims 9-11 are fully enabled by the present specification, i.e. at least Examples 10 and 11, and 
the knowledge of one of skill in the art. 

The Examiner is respectfully reminded that, "As long as the specification discloses at 
least one method for making and using the claimed invention that bears a reasonable correlation 
to the entire scope of the claim, then the enablement requirement of 35 U.S.C. 1 12 is satisfied." 
(See, In re Fisher, 427 F.2d 833, 839, 166 U.S.P.Q. 18, 24 (CCPA 1970)). Furthermore, 
Applicants point out that a "patent need not teach, and preferably omits, what is well known in 
the art." (See, Spectra-Physics, Inc. v. Coherent, Inc., 827 F.2d 1524, 1534 (Fed. Cir. 1987)). 

Reconsideration and withdrawal of the enablement rejection of claims 9-11 are 
respectfully requested. 

Rejections Under 35 U.S.C. § 112, Second Paragraph 

Claims 4, 8 and 9 stand rejected under 35 U.S.C. § 1 12, second paragraph, for failing to 
particularly point out and distinctly claim the subject matter which Applicants regard as the 
invention. (See, Office Action, at page 8). Claims 4 and 8 have been cancelled, thereby 
obviating the rejection of claims 4 and 8. Applicants traverse the rejection as to claim 9. 
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The Examiner states that the term "hydrolyzable prodrug" is indefinite in claims 8 and 9. 
However, claim 9 does not recite the term "hydrolyzable prodrug." Claim 9 recites, in part, 
"hydrolyzable glycoside, or a salt thereof." Applicants believe this term is sufficiently clear to 
one of skill in the art. That is, one of skill in the art knows what hydrolyzable means and knows 
what the term glycoside encompasses. Glycosides are a very well known and well characterized 
group of chemical compounds. 

Reconsideration and withdrawal of the mdeflniteness rejection of claim 9 are respectfully 
requested. 

Rejections Under 35 U.S.C. § 102(a) 

Enoki et al.. WO 2004/096198 

Claims 1, 2, 4, 5, 10 and 1 1 stand rejected under 35 U.S.C. § 102(a) as being anticipated 
by Enoki et al., WO 2004/096198, hereinafter referred to as "Enoki et al." {See, Office Action, 
at page 9). Claim 4 has been cancelled, thereby obviating the rejection of claim 4. Applicants 
traverse the rejection as to the remaining claims. 

The Examiner states that compound "Ka9" disclosed in Enoki et al. anticipates the 
presently claimed compounds. 

Although Applicants do not agree that the claims are anticipated by the disclosure of 
Enoki et al., to expedite prosecution, claim 1 has been amended to remove the compound of 
formula (9), i.e. [Ka 9]. Therefore, since Enoki et al. does not disclose all of the limitations of 
the presently claimed invention, Applicants believe the Enoki et al. cannot anticipate the 
presently claimed invention. Anticipation requires that "each and every element as set forth in 
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the claim is found, either expressly or inherently described, in a single prior art reference." {See, 
In re Robertson, 169 F.3d 743, 745, 49 U.S.P.Q.2d 1949 (Fed. Cir. 1990), quoting Verdegaal 
Bros., Inc. v. Union Oil Co., 814 F.2d 628, 631, 2 U.S.P.Q.2d 1051, 1053 (Fed. Cir. 1987)). 

Dependent claims 2, 5, 10 and 1 1 are not anticipated as, inter alia, depending from a non- 
anticipated base claim, amended claim 1. 

Reconsideration and withdrawal of the anticipation rejection of claims 1, 2, 5, 10 and 11 
are respectfully requested. 

JP 64-13019 

Claims 1, 2, 4, 5 and 8-1 1 stand rejected under 35 U.S.C. § 102(a) as being anticipated by 
JP 64-13019, published in 1989. (See, Office Action, at page 9). Claims 4 and 8 have been 
cancelled, thereby obviating the rejection of these claims. Applicants traverse the rejection as to 
the remaining claims. 

The Examiner comments that the rejection is based on the International Search Report 
(ISR) which states that the reference is a novelty-destroying reference. 

Applicants attach hereto as Exhibit D a copy of the International Preliminary Report on 
Patentability (IPER) corresponding to International Patent Application No. PCT/JP2004/0 17887, 
to which the present application claims priority. As shown therein, JP 64-13019 is cited because 
the compound Ka 9 is disclosed. 

Although Applicants do not agree that the claims are anticipated by the disclosure of JP 
64-13019, to expedite prosecution, claim 1 has been amended to remove the compound of 
formula (9), i.e. [Ka 9]. Therefore, since JP 64-13019 does not disclose all of the limitations of 
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the presently claimed invention, Applicants believe the JP 64-13019 cannot anticipate the 
presently claimed invention. (See, In re Robertson, 169 F.3d at 745). 

Dependent claims 2, 5 and 9-1 1 are not anticipated as, inter alia, depending from a non- 
anticipated base claim, amended claim 1. 

Reconsideration and withdrawal of the anticipation rejection of claims 1, 2, 5 and 9-11 
are respectfully requested. 

Rejections Under 35 U.S.C. § 102(b) 

Claims 8-11 stand rejected under 35 U.S.C. § 102(b) as being anticipated by Ohnogi et 
al, WO 2001/54682, hereinafter referred to as "Ohnogi et al." (See, Office Action, at page 9). 
Claim 8 has been cancelled, thereby obviating the rejection of claim 8. Applicants traverse the 
rejection as to the remaining claims. 

Applicants note that independent claim 1 is not rejected as being anticipated by the 
disclosure of Ohnogi et al. Therefore, dependent claims 9-1 1 cannot be anticipated by Ohnogi et 
al. because, inter alia, they depend from a non-anticipated base claim, claim 1. Applicants 
further note that compounds 26 and 27 of Ohnogi et al. do not correspond in structure to any of 
the compounds recited in claim 1. Furthermore, compounds 26 and 27 of Ohnogi et al., even if 
considered to be a glycosidic hydrolyzable prodrug, still do not correspond in any way to any of 
the compounds recited in claim 1. That is, the base compounds disclosed in Ohnogi et al. must 
disclose every atom and bond recited in the presently claimed compounds to be anticipatory. 
Since the Ohnogi et al. compounds fail this test, the Ohnogi et al. compounds cannot anticipate 
the presently claimed invention. 
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Therefore, reconsideration and withdrawal of the anticipation rejection of claims 9-1 1 are 

respectfully requested. 

CONCLUSION 

If the Examiner has any questions or comments, please contact Thomas J. Siepmann, 
Ph.D., Registration No 57,374, at the offices of Birch, Stewart, Kolasch & Birch, LLP. 

If necessary, the Commissioner is hereby authorized in this, concurrent, and future 
replies, to charge payment or credit any overpayment to our Deposit Account No. 02-2448 for 
any additional fees required under 37 C.F.R. § 1.16 or under § 1.17; particularly, extension of 
time fees. 



Dated: July 1,2008 Respectfully submitted, 

Marc S. Weiner 
Registration No.: 32,181 

BIRCH, STEWART, KOLASCH & BIRCH, LLP 
81 10 Gatehouse Road 
Suite 100 East 
P.O. Box 747 

Falls Church, Virginia 22040-0747 

(703)205-8000 

Attorney for Applicants 

Attachments: Exhibit A - Copy of Yabe-Nishimura, Pharmacol. Rev., 1998, 50(l):21-33; 

Exhibit B - Copy of Gallo et al., J. Natl. Cancer Inst., 1998, 90(8):587-96; 
Exhibit C - Copy of Salvemini et al., Br. J. Pharmacol., 1996, 118(4):829-38; 
Exhibit D - Copy of the IPER issued in PCT/JP2004/017887 



16 



MSVMTJS/aa 



0031-6997£8/5001-0021$03.(><yO 
Pharmacological Reviews 

Copyright O 19 95 by Hie American Society for Pharmacology and Experim 



EXHIBIT A 

I Therapeutics 



Docket No.: 1422-0716PUS1 
App No.: 10/581,034 



Vol. 50, No. 1 
Printed in V.SA. 



Aldose Reductase in Glucose Toxicity: A Potential 
Target for the Prevention of Diabetic Complications 

CHIHIRO YABE-NISHTMURA* 
Department of Pharmacology , Kyoto Prefecture* University of Medicine, Kyoto, Japan 



I. Introduction , , 21 

II. Aldose reductase and aldo-keto reductase superfamily , - , 22 

A. Aldose reductase as a member of the aldo-keto reductase superfamily 22 

B. A closely related subgroup in the aldo-keto reductase superfamily 22 

C. Tertiary structure of aldose reductase , 23 

HI. Physiological significance of aldose reductase , 23 

A Polyol pathway first identified in the seminal vesicle 23 

B. Osmoregulatory role in the kidney 24 

C. Unique tissue distribution pattern of aldose reductase — 24 

D. Diverse substrates for aldose reductase 24 

IV. Aldose reductase in glucose toxicity .26 

A. Effect of accelerated polyol pathway 26 

B. Transgenic animal model 26 

C. Hemodynamic abnormalities in diabetic neuropathy 27 

D. Aldose reductase and other factors in glucose toxicity 27 

V. A potential target for the prevention of diabetic complications 28 

A. Clinical trials of aldose reductase inhibitors 28 

B. Variable levels of aldose reductase in diabetic patients 29 

VI. Conclusions 30 

VH. References 31 



I. Introduction 

Recent data obtained from the Diabetes Control and 
Complications Trial clearly indicate that intensive insu- 
lin treatment effectively delays the onset and slows the 
progression of Iongterm diabetic complications in pa- 
tients with insulin-dependent diabetes mellitus (ID- 
DM) 11 (Diabetes Control and Complications Trial Re- 
search Group, 1993). Nevertheless, even with the best 
clinical management available at present, it is practi- 
cally impossible to maintain normoglycemia at all times 
throughout the life of diabetic individuals. Accordingly, 
chemical agents that effectively halt the hyperglycemic 
injury in diabetic patients would be of great clinical 
importance. 

* Address for correspondence: Chihiro Yabe-Nishimura, Depart- 
ment of Pharmacology, Kyoto Prefecture! University of Medicine, 
Kawaramachi-Hiroltoji, Kamikyoku, Kyoto 602, Japan. 

b Abbreviations: cDNA, complementary deoxyribonucleic add; 
DAG, diacylglycerol; FR-1, fibroblast-growth-factor-l-regulated pro- 
tein; fifoA^, glycosylated hemoglobin; IDDM, insulin-dependent di- 
abetes mellitus; mRNA, messenger ribonucleic acid; MVDP, mouse 
vas deferens protein; NAD*, nicotinamide adenine dinucleotide; 
NADPH, reduced nicotinamide adenine dinucleotide phosphate; 
NIDDM, noa-insulin-dependent diabetes mellitus; NO, nitric mcide. 



Under normoglycemia, most of the cellular glucose is 
phosphorylated into glucose 6-phosphate by hexokinase. 
A minor part of nonphosphorylated glucose enters the 
so-called polyol pathway, the alternate route of glucose 
metabolism. The rate-limiting step of this polyol path- 
way is the reduction of glucose to sorbitol catalyzed by 
aldose reductase (EC 1.1.1.21). Sorbitol is subsequently 
converted to fructose by sorbitol dehydrogenase, thus 
constituting the polyol (sorbitol) pathway (fig. 1). Under 
hyperglycemia, because of the saturation of hexokinase 
with ambient glucose, the increased flux of glucose 
through the polyol pathway accounts for as much as 
one-third of the total glucoBe turnover (Gonzalez et aL, 
1984). This leads to overflow of the products of the polyol 
pathway along with depletion in reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) and the oxi- 
dized form of nicotinamide adenine dinucleotide 
(NAD + ), the cofactors used in the pathway. The acceler- 
ation of the polyol pathway thus elicits various meta- 
bolic imbalances in those tissues that undergo insulin- 
independent uptake of glucose. Such metabolic 
perturbation provokes the early tissue damage in the 
"target" organs of diabetic complications, such as ocular 
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Fia. 1. Polyol (sorbitol) pathway; glucose-ft-P, glucose 6-phosphats. 

lens, retina, peripheral nerve, and renal glomerulus (Ki- 
noshita and Nishimura, 1988; Pugliese et al., 1991). 

These observations led to the development of numer- 
ous aldose reductase inhibitors of diverse chemical 
structures as possible therapeutic agents for diabetic 
complications. Sorbinil, ponalrestat, and tolrestat were 
among the most studied inhibitors to prevent cataracts, 
retinal capillary basement membrane thickening, and 
nerve conduction velocity deficits in experimental dia- 
betic animal models. Until now, however, the clinical 
efficacy of these inhibitors in diabetic patients has not 
been fully proved to meet the standards of the Food and 
Drug Administration (Pfeifer et al., 1996). . 

In this review, recent advances in the understanding 
of the pathophysiological significance of aldose reduc- 
tase are presented that would be relevant to the efficacy 
of the enzyme inhibitors in clinical intervention trials of 
diabetic complications. An extensive review on the 
pathogenesis of diabetic complications is outside the 
scope of this review. For this topic, the reader is encour- 
aged to refer to other excellent reviews published else- 
where (Pugliese et al., 1991; Greene et al., 1993; Cam- 
eron and Cotter, 1994; Yagihashi, 1995). 

II. Aldose Reductase and Aldo-Keto Reductase 
Superfamily 

A Aldose Reductase as a Member of the Aldo-Keto 
Reductase Superfamily 

Aldose reductase is a small monomelic protein com- 
posed of 315 amino acid residues. The primary struc- 
ture, first determined on rat lens aldose reductase 
(Carper et al., 1987, 1989), demonstrated high similari- 
ties to another NADPH-dependent oxidoreductase, hu- 
man liver aldehyde reductase (EC 1.1.1.2) (Wennuth et 
al., 1987) and to p-crystalhn, a major structural compo- 
nent of the lens of frog Rana pipiens (Tamarev et al., 
1984). The degree of similarity clearly suggests that 
these proteins belong to the same family, namely aldo- 
keto reductase superfamily, with related structures and 
evolutionary origins. Subsequently, complementary de- 
oxyribonucleic acid (cDNA) clones of human placenta, 
retina, and muscle aldose reductase were isolated (Bo- 
hren et al., 1989; Chung and LaMendola, 1989; Nish- 
imura et al., 1990). As the coding sequences of these 



cDNAs originating from different tissues turned out to 
be essentially identical, the existence of tissue-specific 
isoforms for human aldose reductase has yet to be veri- 
fied. The identification of amino acid sequences of aldose 
reductase from different species revealed a relatively 
low sequence identity (82-85%) conserved among hu- 
man, rat, and other animal species. This could account 
for the species' differences in the sensitivity of aldose 
reductase to some of the inhibitors. For screening the 
potency and efficacy of the newly designed inhibitors, 
human enzyme preparations may be preferable and can 
be readily obtained by the recent recombinant technique 
(Nishimura et al., 1991). 

In the past few years, molecular cloning techniques 
have identified many amino acid sequences for cellular 
proteins and a recent search of a database of these 
sequences identified as many as 39 proteins as members 
of the aldo-keto reductase superfamily (Jez et al, 1996). 
A wide variety of proteins from various species consti- 
tute this family, including aldehyde and xylose reducta- 
ses from plants, yeast, and bacteria, as well as bovine 
and rat Shaker K + channel S-subiinit (Rettig et al., 

1994) . Nonetheless, the majority of this family is repre- 
sented by mammalian aldehyde reductases, aldose re- 
ductases, and hydToxysteroid dehydrogenases. Approxi- 
mately 50% of the amino acid sequences are conserved 
between aldose reductase and these mammalian en- 
zymes from various species and tissues. For instance, 
among the members coexisting in human liver are alde- 
hyde reductase (Bohren et al., 1989), hepatic bile acid- 
binding protein (Stolz et al., 1993), A 4 -3rOxosteroid 50- 
reductase (Kondo et al., 1994), type 1 3a-hydroxysteroid 
dehydrogenase, also referred to as chlordecone reduc- 
tase (Winters et al., 1990), and type H 3a-hydroxysteroid 
dehydrogenase (Khanna et al., 1995). 

B. A Closely Related Subgroup in the Aldo-Keto 
Reductase Superfhmily 

Interestingly, a unique subgroup was recently demon- 
strated in this superfamily. Cloning and determination 
of the amino acid sequence of mouse aldose reductase 
cDNA revealed the presence of closely related proteins 
with high sequence similarities in mouse (Gui et al., 

1995) . These are mouse vas deferens protein (MVDP) 
(Pailhoux et al„ 1990) and fibroblast-growth-factor-1- 
regulated protein (FR-1) (Donohue et al., 1994), that 
respectively manifest as much as 69% identity to mouse 
aldose reductase. The identity between MVDP and FR-1 
is nearly 82%. These three murine proteins therefore 
constitute a new subgroup within the aldo-keto reduc- 
tase superfamily (fig. 2). Between rat and mouse aldose 
reductases, approximately 97% of the amino arid se- 
quence is conserved. Analogously, one of the tumor- 
associated variants of protein detected in rat fiver ex- 
hibited high sequence similarity to rat aldose reductase 
and to MVDP (Zeindl-Eberhart et al., 1994). This protein 
variant possibly belongs to the above subgroup of the 
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aldo-keto reductase family as well. In view of these 
findings, the existence of hitherto unidentified proteins 
closely related to aldose reductase in humans can be 
speculated. 

As the enzyme inhibitor zopolrestat was shown to 
bind and inhibit the action of mouse FR-1 to catalyze the 
reduction of DL-glyceraldehyde (Wilson et aL, 1995), it is 
conceivable that the human counterpart of such related 
proteins may bind and prevent the action of inhibitors of 
aldose reductase. In fact, some aldose reductase inhibi- 
tors are known to equally interact with aldehyde reduc- 
tase, a member of the aldo-keto reductase family that 
coexists with aldose reductase in most tissues (Sato and 
Kador, 1990). A widely used inhibitor like sorbinil inhib- 
its aldose and aldehyde reductases with comparable 
IC m values, whereas zopolrestat has higher specificity 
for aldose reductase as compared with aldehyde reduc- 
tase (Barski et aL, 1995). 

C. Tertiary Structure of Aldose Reductase 

Crystallographic structures have been determined for 
pig (Rondeau et aL, 1992) and human aldose reductases 
(Borhani et aL, 1992; Wilson et aL, 1992). The enzyme 
molecule contains a (f3/a) B barrel structural motif with a 
large hydrophobic active site. The cofactor NADPH 
binds in an extended conformation to the bottom of the 
active site, located at the center of the barrel. The ho- 
loenzyme structure completed with the enzyme inhibi- 
tor zopolrestat further demonstrated that the inhibitor 
binds to the active site on top of the nicotinamide ring of 
the NADPH (Wilson et aL, 1993). When zopolrestat was 
complexed with the holoenzyme, however, it perturbed 
the position of two loops in the protein and changed the 
shape of the active site pocket. When the enzyme was 
complexed with another inhibitor sorbinil, the inhibitor 
simply occupied the active site pocket and did not induce 
further conformational change in the enzyme molecule 
(Urzhumtsev et aL, 1997). These findings suggest that 



many compounds with diverse chemical structures can 
interact with the enzyme in different conformations. 
This illustrates the dangers of using theoretical ap- 
proaches to predict the rigid inhibitor binding site of 
aldose reductase, as the enzyme apparently retained 
considerable flexibility in its tertiary structure (Wilson 
et aL, 1996). 

As mentioned above, there are marked differences in 
the selectivity toward aldose and aldehyde reductases 
among the known enzyme inhibitors. Such selectivity 
has been attributed to the interaction of the inhibitors 
with the enzyme molecule, depending upon whether the 
enzyme opens a 'specificity' pocket. This pocket binds 
inhibitors that are more effective against aldose reduc- 
tase than against aldehyde reductase (Urzhumtsev et 
aL, 1997). In this regard, identification and character- 
ization of as yet unknown members of the aldo-keto 
reductase subfamily in humans seem essential. To effec- 
tively block the enhanced flux of glucose through polyol 
pathway, the inhibitor needs to be specific for aldose 
reductase and devoid of intercalating into other struc- 
turally related proteins coexisting in the "target" organs 
of diabetic complications. 

HL Physiological Significance of Aldose 
Reductase 

A Polyd Pathway First Identified in the Seminal 
Vesicle 

At present, physiological functions of aldose reductase 
have not been entirely clarified. Aldose reductase is a 
cytosolic enzyme present in most of the mammalian 
cells, although the distribution of the enzyme is not 
uniform among tissues. Nearly forty years ago the polyol 
pathway was first identified in the seminal vesicle by 
Hers (Hers, 1956), who demonstrated the conversion of 
blood glucose into fructose, an energy source of sperm 
cells. Later Van Heyningen reported the presence of 
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sorbitol in diabetic rat lens (Van Heyningen, 1959), and 
her work provided an opening for new research concern- 
ing the pathological role of aldose reductase and the 
polyol pathway in the development of diabetic complica- 
tions . In fact aldose reductase messenger ribonucleic 
acid (mRNA) in rat was highly expressed in the lens, the 
retina, and the sciatic nerve, the major "target" organs of 
diabetic complications (Niahimura et al., 1988). Ever 
since, inhibitors for aldose reductase have been expected 
to become a potential treatment modality in diabetes. 
However, it is necessary to understand the physiological 
relevance of the polyol pathway in view of the possible 
side effects arising from a prolonged inhibition of aldose 
reductase in diabetic patients, 

B. Osmoregulatory Role in the Kidney 

In the previous decade, elevated extracellular NaCl 
was demonstrated to elicit marked increase in aldose 
reductase expression and accumulation of intracellular 
sorbitol in the cultured cell line from rabbit renal papilla 
(Bagnasco et al., 1987). In the kidney, aldose reductase 
mENA was abundantly expressed in the medulla com- 
pared with relatively low expression in the cortex (Nish- 
imura et al., 1988). These findings were confirmed by 
biochemical and immunohistochemical analyses of rat 
and human kidneys (Terubayashi et al., 1989). Sorbitol 
is one of the organic osmolytes that balance the osmotic 
pressure of extracellular NaCl, fluctuating in accord 
with urine osmolality (Burg, 1995). These findings, 
therefore, suggest the osmoregulatory role of aldose re- 
ductase in the renal homeostasis. The increased expres- 
sion of aldose reductase under hyperosmotic stress was 
subsequently reported in a variety of cells of nonrenal 
origin, such as Chinese hamster ovary cells (Kaneko et 
al., 1990), cultured human retinal pigment epithelial 
cellB (Henry et al., 1993), and human embryonic epithe- 
lial cells (Ferraretto et al., 1993). Transient transfection 
studies with luciferase or chloramphenicol acetyltrans- 
ferase reporter constructs, containing various 5'-fiank» 
ing regions of aldose reductase gene, identified the os- 
motic response element mediating this hyperosmotic 
stress-induced increase in transcription of aldose reduc- 
tase gene (Ferraris et aL, 1996; Daoudal et al., 1997; Kd 
et al, 1997). Studies on the factors that interact with 
these response elements and augment the transcription 
of aldose reductase gene are now in progress and may 
provide insight into the regulatory mechanisms of the 
gene expression. Nevertheless, physiological implica- 
tions of the osmoregulatory role for aldose reductase in 
nonrenal cells is still unknown. 

C. Unique Tissue Distribution Pattern of Aldose 
Reductase 

Recent investigations disclosed the unexpected distri- 
bution pattern of aldose reductase not only in different 
species but in tissues other than "target" organs of dia- 
betic complications. In mouse, aldose reductase mRNA 



was most abundantly expressed in the testis, whereas a 
very low level of the transcript was detected in the 
sciatic nerve and tens (Gui et al., 1995). These results 
suggest that mouse aldose reductase may possess a sig- 
nificant role in the testicular metabolism. On the other 
hand, the low expression of the enzyme in the nerve and 
lens was in marked contrast with the findings in rat, 
which indicated the localization of the enzyme transcript 
in these "target" organs of diabetic complications (Nish- 
imura et al., 1988). Consistent with these findings is the 
absence of cataract formation during the course of hy- 
perglycemia in mouse (Varma and Kinoshita, 1974), in 
contrast with the finding in rat, the first experimental 
model of sugar cataract formation (Kinoshita and Nish- 
imura, 1988). Immunoblot and immunohistochemical 
analyses in rat tissues further showed nigh levels of 
aldose reductase protein in the adrenal gland and vari- 
ous reproductive organs, including the granulosa cells of 
rat ovary (Iwata et al., 1990). Of particular interest is 
the fact that cyclic changes in the expression and local- 
ization of aldose reductase were observed in rat ovary 
during the estroua cycle (Iwata et al., 1996). These 
changes in the enzyme expression were indicated to be 
under hormonal control, and the study suggests another 
functional role of aldose reductase in the female repro- 
ductive organ, which can be deranged under diabetic 
conditions. 

jD. Diverse Substrates for Aldose Reductase 

Other Knes of investigation have demonstrated that 
aldose reductase exhibits broad Bubsta-ate specificity for 
both hydrophilic and hydrophobic aldehydes. Aldose re- 
ductase and the structurally related enzyme in the aldo- 
keto reductase family, aldehyde reductase, both catalyze 
the reduction of biogenic aldehydes derived from the 
catabolism of the catecholamines and serotonin by the 
action of monoamine oxidase (Turner and Tipton, 1972; 
Tabakoff et aL, 1973; Wermuth et al, 1982). These two 
enzymes also catalyze the reduction of isocorticoste- 
roids, intermediates in the catabolism of the corticoste- 
roid hormones (Wermuth and Monder, 1983). Recently, 
aldose reductase in the adrenal gland was reported to be 
a major reductase for isocaproaldehyde, a product of 
sidechain cleavage of cholesterol (Matsuura et al., 1996). 

Apart from these findings, molecular cloning of bovine 
testicular 20a-hydroxysteroid dehydrogenase cDNA in- 
cidentally revealed that the deduced amino acid se- 
quence of the enzyme is identical witii bovine lens aldose 
reductase (Warren et al., 1993). The result implies that 
a biologically active progesterone as well as 17a-hy- 
droxyprogeeterone, a major precursor oftb.fi androgens, 
estrogens, and glucocorticoids, are endogenous sub- 
strates for bovine aldose reductase. To examine whether 
this finding is also applicable to mouse aldose reductase, 
we tested various steroids aB substrates in the kinetic 
analysis of purified recombinant enzyme. Although pro- 
gesterone and 17a-hydroxyprogesterone potently com- 
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peted with the substrate binding, the mouse enzyme did 
not show any steroid dehydrogenase activity (Gui et al., 

1995) . The lack of catalytic activity for the steroid sub- 
strate in mouse aldose reductase could be attributed to a 
subtle difference in lie amino acid residues constitutang " 
the active site, whereas low inhibition constants for 
these steroids introduced the possibility that availability 
of glucose to mouse enzyme may be significantly affected 
in the tissues contaming high levels of endogenous ste- 
roids. By contrast, human aldose reductase was recently 
reported to exhibit the reductase activity for 17a«hy- 
droxyprogesterone with the similar kinetic parameters 
to bovine enzyme (Petrash et al., 1996). It can therefore 
be postulated that the functional or physiological roles of 
aldose reductase differ considerably among animal spe- 
cies as well as among tissues. 

In a series of aldehyde substrates for human aldose 
reductase investigated, isocorticosteroids (Wermuth and 
Monder, 1983) and isocaproaldehyde (Matsuura et al., 

1996) , both with K M values of approximately 1 (xM or 
less, are the best physiological substrates known to date. 
The next preferred substrates for aldose reductase may 
be aldehydes derived from biogenic amines (Turner and 
Tipton, 1972; Tabakoff et al., 1973) and metbylglyoxal, a 
ttixic aldehyde produced nonenzymatically from triose 
phosphate and enzymatically from acetone/acetol me- 
tabolism (Vander Jagt et al., 1992), 17a-hydroxyproges- 
terone (Petrash et al., 1996) and 4-hydroxynonenal 
(Vander Jagt et al., 1995), a reactive aldehyde produced 
by oxidative damage to unsaturated fatty acids, are also 
excellent substrates for the enzyme with K u values of 
20-30 tm. Another line of study demonstrated that 
3-deoxyglucosone, one of the crosslmking agents formed 
as intermediates in nonenzymatic glycation, is a good 



substrate for aldose reductase (Feather et al., 1995). 
Aldose reductase also catalyzes the reduction of acrolein, 
a highly reactive and mutagenic molecule generated 
during lipid peroxidation and as a metabolic by-product 
of cydophosphamide (Kolb et al., 1994). Both 3-deoxy- 
glucosone and acrolein exhibited a similar range of K u 
values (40-80 pM) in the kinetic analysis (Vander Jagt 
et al., 1996). Whereas glucose is one of the endogenous 
substrates for aldose reductase, comparison with other 
endogenous aldehydes unequivocally indicates that glu- 
cose is a rather poor substrate with a K M value of 70 mM 
(Vander Jagt et al., 1990). The interpretation of these 
findings is that aldose reductase in the adrenal gland 
and reproductive organs may normally participate in the 
synthesis and catabolism of steroid hormones, whereas 
it is involved in the metabolism of biogenic amines in the 
central nervous system. The enzyme may also act as 
extrahepatic detoxification enzyme in various tissues 
(fig. 3). Thus the significance of aldose reductase in the 
polyol pathway may be quite limited under nondiabetic 
conditions: it provides an osmolyte sorbitol in the renal 
medulla and supplies fructose as an energy source of 
sperm in the seminal vesicle. 

Recent BtudieB hence illustrate the diversity in biolog- 
ical significance of aldose reductase in different tissues 
and in different animal species. The interactions of the 
inhibitors with aldose reductase in various organs along 
with other structurally related proteins in aldc-keto re- 
ductase family, may become a potential source of their 
ineffectiveness and/or side effects when drugs are ad- 
ministered to diabetic patients for a prolonged period of 
time. Experimental data on the efficacy and side effects 
of inhibitors obtained from animal models should be 
cautiously interpreted, as significant species-specific dif- 
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ferences in the localization and in physiological func- 
tions of aldose reductase were noted. Nevertheless, it 
should be appended that aldose reductase is not the only 
enzyme participating in most of the above-mentioned 
pathways of endogenous aldehyde metabolism. The sup- 
pression of aldose reductase activity with enzyme inhib- 
itors may thus have moderate effects on such aldehyde 
metabolism aside from polyol pathway. 

IV. Aldose Reductase in Glucose Toxicity 

A. Effect of Accelerated Polyol Pathway 
. For the past 4 decades, a wealth of experimental data 
has been accumukted on the role of accelerated polyol 
pathway in the process leading to the early tissue dam- 
age observed under hyperglycemia (Kmoshita and Nish- 
imura, 1988). In the ocular lens, the accumulation of 
polyol induces hyperosmotic swelling and deranges the 
cell membrane, resulting in the leakage of amino acids, 
glutathione, and myoinositol to provoke cataract forma- 
tion (Nagata et aL, 1989). In other "target 8 organs of 
diabetic complications, however, such osmotic stress is 
currently considered to play a minor role in the tissue 
damage. Instead, depletion of cofactors used in the path- 
way by accelerated flux of glucose is postulated to elicit 
various metabolic disturbances in those tissues. Under 
normoglycemic conditions, polyol pathway accounts for 
approximately 3% of gluccme utilization (Morrison et al, 
1970), whereas more than 30% of glucose is metabolized 
through this pathway under hyperglycemia (Gonzalez et 
al., 1984). The increased flux of glucose through this 
pathway and consequent expenditure of cofactors for 
aldose reductase (NADPH) and sorbitol dehydrogenase 
(NAD + ) lead to a redox state change and a cascade of 
interrelated metabolic imbalances. Substantially af- 
fected are activities of glutathione reductase and nitric 
oxide (NO) synthase because of the depletion of the 
cofactor NADPH. As glutathione reductase is an anti- 
oxidative enzyme that maintains the level of tissue glu- 
tathione, the overall effect would be the increased sus- 
ceptibility to oxidative stress under diabetic conditions. 
Indeed increased susceptibility to H 2 0 2 along with a 
reduced level of glutathione was reported in the endo- 
thelial cells cultured in high glucose medium (Kashiwagi 
et al., 1994). Similarly, the production of NO from L- 
arginine by NO synthase is suppressed resulting from 
the depletion of NADPH, thereby reducing the release of 
NO to elicit microvascular derangement and the slowing 
of nerve conduction (Cameron et al., 1993; Stevens et aL, 
1994). 

In the retina of experimental diabetic animal models, 
the early lesion emerges in vascular component. Consis- 
tent with this observation, the localization of aldose 
reductase in retinal micro-vessels was demonstrated in 
various animal species including human trypsin-di- 
gested retina (Akagi et al., 1983; Kennedy et al, 1983; 
Hohman et al., 1989). Treatment with aldose reductase 



inhibitors was shown to prevent capillary basement 
membrane thickening, the early structural lesion ob- 
served in the retina (Frank et al., 1983; Robison et al., 
1983, 1989; Chakrabarti and Sima, 1989). By contrast, 
whether perturbation in the vasculature or metabolic 
disturbance in the neural cells contributes primarily to 
the development of diabetic neuropathy has long been 
controversial. In 1959, Fagerberg first described the vas- 
cular involvement in the process leading to the struc- 
tural lesion observed in diabetic neuropathy (Fagerberg, 
1959). Later, however, most investigators in the field 
turned their attention to metabolic disturbances and 
ensuing neurochemical alterations in diabetic nerve. Ef- 
fects of hyperglycemia on the polyol pathway activity 
and associated neurochemical derangement have been 
extensively studied in the peripheral nerve of experi- 
mental animals (Tomlinson et al.; 1984; Greene et al„ 
1987; Nishimura et al., 1987). In fact, aldose reductase 
immunoreactivity was found in the parsnodal cytoplasm 
of Schwann cells as well as in pericytes and endothelial 
cells of endoneurial capillaries (Chakrabarti et al., 
1987). 

5. Transgenic Animal Model 

To investigate the effect of enhanced polyol pathway 
activity on the process leading to early tissue damage in 
diabeteB, we made a transgenic animal model expressing 
human aldose reductase (Yamaoka et al., 1995; Yagi- 
hashi et al., 1996). Aa the transgene was driven by the 
murine major histocompatibility complex class I anti- 
gen, H-2FT 1 gene promoter, a broad expression of human 
aldose reductase was demonstrated in most of the mouse 
tissues examined. In the sciatic nerve, immunohisto- 
chemical analysis using antibody, specific for human 
enzyme, indicated that aldose reductase was localized in 
Schwann cells, axons, and endothelial cells Df endoneur- 
ial microvessels in the transgenic mice (Yagihashi, 
1995). When theBe mice were fed with the diet contain- 
ing 30% galactose, a significant level of galactitol was 
accumulated in the nerve. In this experiment, galactose 
feeding was substituted for induction of hyperglycemia 
so as to evaluate the direct effect of aldose reductase 
activity overexpreesed in transgenic mice. This is be- 
cause galactose is a better substrate for aldose reductase 
and galactitol is not further metabolized by sorbitol de- 
hydrogenase (Hayman and KSnoehita, 1965). The level 
of galactitol in nerves of galactose-fed transgenic mice 
was 10 times higher than that in galactoee-fed nontrans- 
genic fittermate mice, indicating the functional expres- 
sion of the transgene integrated in the nerve tissue. The 
biochemical derangement in galactose-fed transgenic 
mice was accompanied by a significant delay in motor 
nerve conduction velocity, as well as significant atrophy 
in the myelinated fiber as waB determined by morpho- 
metry: analysis. Our transgenic mouse work, therefore, 
suggests the primary role of the augmented aldose re- 
ductase activity in the development of functional and 
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structural abnormalities in the peripheral nerve of the 
diabetic animal model. 

C. Hemodynamic Abnormalities in Diabetic 
Neuropathy 

On the other hand, renewed attention has recently 
been paid to the vascular involvement in the pathogen- 
esis of diabetic neuropathy. Systemic investigation of 
the distribution of myelinated fiber loss from proximal to 
distal levels of the lower limb nerves in diabetic patients 
indicated the involvement of ischemia in the process 
leading to these morphological changes (Dyck et al., 
1986). In fact, endoneurial hypoxia resulting from re- 
duced nerve perfusion was demonstrated in diabetic rat 
(Tuck et al., 1984) and later in diabetic patients with 
neuropathy (Newrick et al., 1986). Of particular interest 
is the fact that administration of an aldose reductase 
inhibitor significantly improved the blood flow in the 
nerve tissue measured by laser-Doppler flowmetry, and 
a strong correlation between inhibitor-mediated im- 
provement in the blood flow and in nerve conduction 
velocity was observed (Cameron et al., 1994). The possi- 
ble link between metabolic disturbances elicited by hy- 
perglycemia and such hemodynamic abnormalities in 
the nerve tissue of diabetic animals is the accelerated 
polypi pathway flux in the vascular cells. Enhanced 
polyol pathway activity would provoke impaired produc- 
tion of NO and other bioactive molecules in vascular 
endothelial cells. Experimental data also indicate that 
the deficit in NO release was prevented by aldose reduc- 
tase inhibitor in the aorta of diabetic rats (Cameron and 
Cotter, 1992). 

Intriguingiy, however, there emerged unexpected 
data on the dose-response relationships for aldose reduc- 
tase inhibition and various experimental findings in 
these animal experiments. Poor agreement was demon- 
strated between functional deficits and biochemical 
changes in the nerve of diabetic rats (CameTon et al., 
1994). Compared with the dosage of aldose reductase 
inhibitor to correct the biochemical changes in the nerve, 
nearly 10 times higher dosage was necessary to correct 
the blood flow and conduction velocity of diabetic rat 
nerves. Thus, nerve conduction velocity is much less 
sensitive to the inhibitor treatment, and the improve- 
ment in nerve conduction does not correlate with the 
improvement in polyol pathway metabolites in the 
nerve. In this context, it should be noted that the levels 
of polyol pathway metabolites reflect the mass derived 
from axons and Schwann cells, the dominant compo- 
nents in the peripheral nerve. The mechanisms under- 
lying this significant disparity in the inhibitor effects are 
still unknown. In any case, such difference in the sensi- 
tivity may at least partly explain the modest effect of 
aldose reductase inhibitors on nerve conduction velocity 
deficits reported in clinical trials. The involvement of 
aldose reductase in diabetic vascular abnormalities has 
been a matteT of recent attention, and much remains to 



be clarified on the discrepancy in the dose-response re- 
lationship of inhibitors between neural and vascular 
components of the peripheral nerve. It should be noted, 
however, that the above provocative findings on dose- 
response relationships of aldose reductase inhibitors for 
corrections of the blood flow and nerve conduction veloc- 
ity have not been verified by other laboratories. 

D. Aldose Reductase and Other Factors in Glucose 
Toxicity 

Along with the increased flux of glucose through the 
polyol pathway, there axe other putative mechanisms 
that may take part in the toxic effects of hyperglycemia 
(fig. 4). Among the well-documented factors are activa- 
tion of protein kinase C (Lee et al., 1989; Williams, 
1995), enhanced nonenzymatic glycation (Brownlee et 
al., 1984), and augmentation of oxidative stress (Sato et 
al., 1979; Hunt et al., 1993). Some of these are postu- 
lated to be correlated with each other. Activation of 
protein kinase C was reported in vascular smooth mus- 
cle and endothelial cells after the exposure to hypergly- 
cemia. Increased incorporation of [ 14 C] glucose into diac- 
ylglycerol (DAG) indicated that the enzyme activation 
was elicited by increased de novo synthesis of DAG 
through glycolytic pathway (Craven e$ al., 1990), The 
riBe in NADH/NAD + ratio via enhanced polyol pathway 
may also facilitate the DAG synthesis by increasing the 
availability of dihydroxyacetone phosphate as well as 
favoring its reduction to sn-glycerol 3-phosphate, the 
intermediates of DAG synthesis (Pugliese et al., 1991). 
The increased protein kinase C activity would attenuate 
contractile responses of aortic vascular smooth muscle 
cells to such pressor hormones as angiotensin II and 
arginine vasopressin. The activation of protein kinase C 
increases sodium-proton antiport activity that regulates 
intracellular pH, cell growth, and differentiation and 
also augments expression of various matrix proteins 
such as fibronectin, type IV collagen, and laniinin (Wil- 
liams, 1995). All these biochemical changes could be 
relevant to diabetes-induced vascular dysfunction. This 
phenomenon was demonstrated in several tissues in- 
duding retina, aorta, and renal glomeruli. Recently a 
specific inhibitor for the ^ isoform of protein kinase C 
was shown to ameliorate vascular dysfunctions in dia- 
betic rats (Ishii et al., 1996). In peripheral nerve, how- 
ever, the DAG level was reduced in diabetic rats (Zhu 
and Eichberg, 1993; Ido et al., 1994) and an activation of 
protein kinase C has not been reported in diabetic 
nerves. The underlying mechanisms of this tissue spe- 
cific activation of protein kinase C have to be further 
elucidated. Although the new protein kinase C inhibitor 
can be another candidate drug for therapeutic usage, 
such difference in the activation pattern among the "tar- 
get" organs and localization of the enzyme 0 isoform in 
tissues otheT than "target" organs of diabetic complica- 
tions may hinder its general application to diabetic in- 
dividuals. 
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Under hyperglycemic conditions, nonenzymatic glyca- 
tion of structural proteins is enhanced, and advanced 
glycation end-products accumulate in diabetic tissues. 
As a glycation agent, fructose is more potent than glu- 
cose (Stevens et aL, 1977), and the formation of fructose 
is augmented because of the accelerated flux of glucose 
through the polyol pathway. Increased nonenzymatic 
glycation has been shown to alter the structure and 
function of various macromolecules in the tissue, caus- 
ing basement membrane thickening, demyelination, and 
impaired axonal transport as a result of the glycation of 
myelin, tubulin, and neurofilaments (Brownlee et al., 
1988). Longterm treatment with ammoguanidine, an 
inhibitor of the glycation process, was effective in retain- 
ing the functional and structural integrity in the vascu- 
lar and peripheral nerve tissues in diabetic rats 
(HammeB et aL, 1991; Yagihashi et al., 1992). However, 
interpretation of these data is not straightforward, as 
aminoguanidine was later shown to inhibit the NO syn- 
thase (Corbett et aL, 1992). 

Various mechanisms are postulated to account for 
augmented oxidative stress in diabetes. A generation of 
oxygen free radicals was enhanced because of auto-oxi- 
dation of glucose. The protection against oxidative stress 
was attenuated because of reduced glutathione avail- 
ability and inactivation of superoxide dismutase. Vascu- 
lar dysfunction and resulting derangement in tissue per- 
fusion under diabetic conditions would induce ischemia 
and reperfusion process, which further generate oxygen 
free radicals (McCord, 1985). On the other hand, it has 
been generally accepted that advanced glycation partic- 
ipates in the production of oxygen free radicals (Hunt et 
al., 1993). Inactivation of superoxide dismutase in dia- 



betes was demonstrated to result from glycation of the 
two lysine residues on the enzyme protein (Aral et al., 
1987). The polyol pathway may act upon this enhanced 
glycation process, supplying a reactive glycation agent 
fructose. Reduced glutathione availability under hyper- 
glycemia is attributed to the accelerated polyol pathway 
flux, depleting the eofactor NADPH for glutathione re- 
ductase (fig. 1). 

In this context, most of the putative meclianisms im- 
plicated in the toxic effects of hyperglycemia can be 
interrelated to each other and linked to enhanced polyol 
pathway activity. The crucial question yet left unan- 
swered is as to what extent the polyol pathway partici- 
pates in such an interrelated process leading to diabetic 



V. A Potential Target for the Prevention of 
Diabetic Complications 

A Clinical Trials of Aldose Reductase Inhibitors 

A promising effect of aldose reductase inhibitor on 
nerve conduction velocity was reported more than a 
decade ago. When diabetic patients without any symp- 
tomatic neuropathy were treated with the aldose reduc- 
tase inhibitor sorbinil, significant improvement in the 
conduction velocity was observed in all three nerves 
tested: the peroneal motor nerve, the median motor 
nerve, and the median sensory nerve (Judzewitech et al., 
1983). Subsequently, numerous clinical studies were 
carried out to evaluate the efficacy of sorbinil. However, 
the overall effect turned out to be disappointingly mod- 
est, possibly because of the difference in the study de- 
sign, subjects with various degrees of symptomatic neu- 
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ropathy, and neurophysiological parameters examined 
as study endpoints (Fagius et al., 1985; OUare et al., 
1988; Sima et al., 1988). The major adverse reaction of 
Borbinil was a hypersensitivity reaction in the early 
weeks of therapy, which is similar to that seen with 
other hydantoins. Although no clinically important ad- 
verse reaction was observed with ponalrestat, the suc- 
ceeding aldose reductase inhibitor of a different chemi- 
cal structure, its beneficial effect failed to be proved in 
randomized controlled study (Krentz et al., 1992). After 
the clinical trials, however, it was shown that ponalres- 
tat did not penetrate the human nerve at doses suffi- 
cient to decrease the nerve sorbitol levels (Greene and 
Sima, 1993). The efficacy of another class of inhibitor, 
tolrestat, was modest in diabetic patients already symp- 
tomatic of neuropathy (Boulton et al., 1990), although 
the progress of mild diabetic autonomic and peripheral 
neuropathy could be halted (Giugliano et al, 1993, 
1995). The only adverse reaction reported on tolrestat 
was an increase in serum levels of alanine aminotrans- 
ferase or aspartate aminotransferase, although some 
patients in the placebo group also exhibited similar clin- 
ical findings during the study (Nicolucci et al., 199S). 
Because of the inability to demonstrate efficacy on the 
nerve conduction velocity in the multicenter double- 
blind studies on diabetic neuropathy, however, the clin- 
ical development of tolrestat was eventually withdrawn. 

B. Variable Levels of Aldose Reductase in Diabetic 
Patients 

Substantial variations in the levels of aldose reduc- 
tase expression in various tissues exist among individ- 
uals with or without diabetes. Marked variability in 
aldose reductase activity was reported for enzyme prep- 
arations isolated from human placentas (Vander Jagt et 
al., 1990). Aldose reductase purified from erythrocytes 
exhibited a nearly three-fold variation in activity among 
diabetic patients (Hamada et al., 1991). Such differences 
in the activity of aldose reductase may influence the 
susceptibility of patients to glucose toxicity via acceler- 
ation of polyol pathway when these individuals are 
maintained under equivalent glycemic control. To test 
this hypothesis, it is necessary to determine the levels of 
aldose reductase in numerous diabetic subjects. In the 
previous studies, investigators examined variations in 
aldose reductase by isolating the enzyme from placenta 
or erythrocytes and assaying its activity (Vander Jagt et 
al., 1990; Hamada et al., 1991). The isolation of the 
enzyme was necessary because of the presence of other 
structurally related members of aldo-keto reductase 
family, particularly aldehyde reductase, in crude tissue 
preparations. These enzymes share overlapping sub- 
strate specificity with aldose reductase. Determination 
of the enzyme activity in human subjects was therefore 
quite laborious. Moreover, the tedious isolation proce- 
dures have problems of possible variations in enzyme 
recovery when the activity ie to be compared among a 



group of individuals. By contrast, our newly developed 
immunoassay method using a specific antibody against 
aldose reductase could circumvent such difficulties 
(Nishimura et al„ 1993). The amount of the enzyme 
determined by the immunoassay highly correlates with 
the activity of aldose reductase isolated from the eryth- 
rocytes of the same individuals (Nishimura et al., 
1994a). 

By using this assay method, we investigated the as- 
sociation between the aldose reductase level in the 
erythrocyte, and various clinical parameters determined 
in patients with non-insulin-dependent diabetes melli- 
tus (NIDDM). Several-fold difference in the erythrocyte 
enzyme level was depicted among diabetic patients, 
whereas no significant difference in the mean enzyme 
level was demonstrated between the healthy and dia- 
betic individuals. The enzyme level did not correlate 
with age, duration of diabetes, fasting blood glucose, or 
glycosylated hemoglobin (HbA lc ) levels, which represent 
glycemic control of the patient. However, data obtained 
from two different groups of diabetic subjects suggest 
that a high level of erythrocyte aldose reductase may 
affect the susceptibility and prognosis of diabetic reti- 
nopathy (Nishimura et aL, 1994b, 1997). In another 
study group, 95 NIDDM patients were classified accord- 
ing to the results of seven nerve function tests, and the 
association between the enzyme level and the clinical 
findings was investigated (Ito et al., 1997). The erythro- 
cyte aldose reductase level was significantly higher in 
those patients showing overt neuropathy compared with 
those without demonstrable neuropathy (fig. 5). Multi- 
variate logistic regression analysis identified that a 
higher level of aldose reductase is one of the indepen- 
dent risk factors for overt neuropathy. Accordingly, 
these results support our earlier hypothesis that a dif- 
ference in the level of aldose reductase is responsible for 
the susceptibility of diabetic patients to toxic effects of 
glucose. Along with our findings, the activity of aldose 
reductase fractionated from the erythrocytes was re- 
ported to be significantly higher in EDDM patients with 
complications compared with those showing no sign of 
complications (Hamada et al., 1993). Recently, increased 
levels of aldose reductase protein were also demon- 
strated by immunoblot analysis in the mononuclear cells 
isolated from IDDM patients with apparent diabetic 
amplications (Eatliff et al., 1996). 

The question as to what is responsible for high or low 
expression of aldose reductase in. human tissue is not 
only of scientific, but also of great clinical significance 
when targeting the enzyme for therapeutic intervention 
of diabetic complications. The level of aldose reductase 
expressed in the erythrocyte seems to be stable, as no 
apparent alteration in the enzyme level was observed 
during the follow-up period of 12 months in the studied 
patients (Ito et al., 1997). In this study, the enzyme level 
remained unchanged irrespective of improved or stably 
high HbAi 0 levels during the follow-up period. These 
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Fig. 5. Box-plots of Erythrocyte aldose reductase levels in 76 healthy 
individuals (control) and 95 nan insulin dependent diabetes mollitua pa- 
tients determined by immunoassay. Based on the results of nerve func- 
tion testa, patients were claoeified into those without demonstrable neu- 
ropathy (without neuropathy; n = 4£ > and those with overt neuropathy 
(with neuropathy; n = 50). The mean enzyme levels expressed per mg of 
hemoglobin <Hb) art represented by + in the plots, # p < 0.01, by 
Bonferroni (-tests, whether the 3 extreme values in "with neuropathy* 
group were excluded or included. No statistical difference was demon- 
strated between the healthy controls and the total diabetic patients. 
Modified from Ito T, Nishimura C, Takahashi Y, Saito T, and Omori Y 
(1997) The level of erythrocyte aldose reductase: a risk factor for diabetic 
neuropathy? Diabetes Sat Clin Pratt 36:161-167. With permission from 
Elsevier Science Ireland Ltd, Bay 15K, Shannon Industrial Estate, Co. 
Clare, Ireland. 

findings indicate that the expression of the erythrocyte 
enzyme is unaffected by the glycemic control of the pa- 
tients. It can, therefore, be speculated that different 
levels of aldose reductase observed in diabetic patients 
may be genetically determined. To explore this possibil- 
ity, we examined two regions on the aldose reductase 
gene relevant to the enzyme expression: the promoter 
region containing a TATA box (Wang et al., 1993), and 
the region containing the recently identified osmotic 
response sequences (Ko et al., 1997). However, in the 
DNA sampled from 700 NIDDM patients with different 
enzyme levels in the erythrocyte, we found no change in 
either of these regions associated with differences in the 
expression of aldose reductase levels (Nishimura, un- 
published observations). Thus the reason for the vari- 
able expression of aldose reductase in human Biibjecta 
has yet to be elucidated. The understanding of the mech- 
anisms defining the expression levels in the targeted 



tissues may lead to new avenues of preventive therapy 
for diabetic complications. 

A hypothesis as to whether the high enzyme level 
predisposes the patients to the development of compli- 
cations has to be further tested by the prospective study 
carried out through the prolonged time course of diabe- 
tes. Also to be considered is the relevance of the. aldose 
reductase level in the erythrocyte in predicting the en- 
zyme level in the "target" tissues of diabetic complica- 
tions. Whether a high level of enzyme expression in the 
erythrocyte reflects the level in the different cell lineage 
has to be determined. It will take some time before all 
the data become available; nonetheless, a high level of 
aldose reductase in the erythrocyte was demonstrated to 
be a risk factor for vascular and neural derangement 
observed in diabetic patients. Identification of a subset 
of patients who have a high level of aldose reductase 
expression, and thereby are more susceptible to toxic 
effects of glucose, may enable ub to target these patients 
for clinical intervention trial by use of new aldose reduc- 
tase inhibitors. The data on the enzyme levels may also 
aid in the optimization of administration of the inhibi- 
tors to match the extent of enzyme suppression when 
exploring their efficacy in diabetic individuals. 

VL Conclusions 

Recent progress in the understanding of biochemical 
correlates of aldose reductase has paved the way for 
designing and screening specific inhibitors of this en- 
zyme that can be used as therapeutic agents for diabetic 
complications. The tertiary structure of aldose reduc- 
tase, including the active site and the interaction with 
inhibitors of diverse chemical structures has been re- 
solved. Abundant amounts of purified human enzyme 
are now available by recombinant technique. Neverthe- 
less, much still remains to be elucidated regarding the 
pathophysiological significance of the enzyme and the 
regulatory mechanisms of aldose reductase expression 
in various human tissues. 

In diabetic animal models, promising effects of aldose 
reductase inhibitors were . demonstrated. Most of the 
clinical trials carried out so far, however, produced 
rather modest or disappointing effects of the inhibitors 
on the functional and morphological improvements in 
diabetic neuropathy. There could be several reasons that 
account for the disparity in the inhibitor effects observed 
between animal and clinical studies. Possible explana- 
tions include the chronic nature of diabetes in human 
subjects and the ensuing loss of ability to reconstitute 
the structural derangement once triggered under hyper- 
glycemia. High variability in the neurological measure- 
ments as endpoints for the inhibitor effects should be 
considered as well. Yet there may be other reasons for 
disappointing results observed with clinical trials. For 
example, other structurally related members of aldo- 
keto reductase family, coexisting in the "target" tissues, 
may have interfered with the action of inhibitors, 
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quenching their action against aldose reductase. We still 
do not know the relative abundance of the aldo-keto 
reductase family, such as aldehyde reductase. These 
enzymes are colocahzed in human tissues and the latter 
may interfere with the action of inhibitors to suppress 
aldose reductase. 

Moreover, inappropriate dosage of inhibitors may 
have been used resulting in a failure to observe improve- 
ments in the endpoint of these clinical studies, as the 
dosage to correct the nerve conduction velocity may be 
significantly higher than that to substantially reduce 
polyol pathway metabolites in neuronal tissues. 
Whether nearly 100% inhibition of the polyol pathway 
metabolites is required for an improvement of nerve 
conduction velocity or if there are hitherto unknown 
reasons needs to be elucidated. Species difference in the 
structure and distribution of the enzyme and ensuing 
differences in sensitivity to inhibitors may also contrib- 
ute to the disappointing clinical results obtained with 
inhibitors that have marked effects in animal studies. 
Lastly, the efficacy of aldose reductase inhibitors may 
depend on the enzyme level expressed in diabetic indi- 
viduals. The variable levels of the enzyme expressed in 
the "target* tissues may affect the extent of involvement 
of the polyol pathway in the pathogenetic mechanisms of 
diabetic complications. If multiple mechanisms are in- 
volved in the pathogenesis of diabetic complications, the 
extent of the effectiveness of aldose reductase inhibitors 
is likely to be determined by the extent of the polyol 
pathway involvement in the toxic effects of hyperglyce- 
mia. This extent is likely to be variable among individ- 
uals having different levels of aldose reductase in "tar- 



Cameron KB, Cotter MA, Dim* EC, Maxfield EK, Cany F, and Mnriees DJ (1994) 



Akagi Y, Kador P, Kmrabara T, and Kmoshite J (1983) Aldose reductase localization 
in human retinal mural colls, boat Opthaimol & Visual Sa 34:1516-1619. 

Aral K, Magucbj 5, Fuji! 5, lehibaehi H, Oikawa K, and Taniguchi M (1987) Qyca- 
ticjn and inactrratiou of human Cu-Zn-aupenodda dismutase. Identification of tile 



lulor NaCL Pnx Natl Acad Sa USA 8*1718-1720. 

Barski OA, Gshbay KH, Grimshaw CE, and Bonran KM (1995) ! 

aldehyde reductase: chamterization of the active site pocket. Biochemistry 34: 




Boulton AJ, Lcrvin 



tare of the aldose 

c. J Biol Cheat 

, and Comstock J (1990) A multicentre trial of the aldW 



Carper DA, Wistow O, Nitdumura C, Graham C, Watmnbe K, Fuji! Y, HayaBbi H, 
and Hayuishi O (1939) A euperfamily of NADPH-dependent reductases in eu- 
karvctes and prokaxyotes. Exp Eye Sa 4A377-S88. 
ChsdcraberU S and Sima AA (1989) Effect of aldose reductase inhibition and insulin 
t retinal capillary basement membrane thickening in BB Tata. Diabt' 



the retina and peripheral nerve. Diabetolcgia 30344-251, 
Chung S and LaHendola J (1389) Chming and sequence determination of human 

placental aldose reductase gene. J Bid Cftero 384:14775-14777. 
Corbett JA, Tilion RO, Chans X, Hasan KS, Ido Y, Wang JL, Sweetiand MA, 
i JB, and HcDaniel ML (1992) Armnoguanidine, a novel 




Iiabetetnellitus.lv-£i W EJ. 
Donohue PJ, Alberts GF, Hampton BS, and Winkles JA (1994) A delayed-early gene 
activated by fibroblast growth faetor-1 encodes a protein related to aldose reduc- 
tase. J BM Chtm 36938804-8809: 
Dyck PJ, Karnes JL, O'Brien P. Okazakt H, Lais A, and Bngelstad J (1986) The 
■ 1 djjrtrihutiorL of fiber loss in diabetic polyneuropathy suggests ischemia. Ann 



Fagerberg BE (1959) Diabetic neuropathy: a clinical and histologic Study on the 

dgniCcance of vascular affections, Acta Med Scand 164:1-80. 
Fagtua J, Bnrttberg A, Jameson S, and Berne C (198S) Limited benefit of treatment 



FerrareUo A Nsgri A, (HuW A. Da GL, Fuhrasn CAM. and Eonchi S (1993) 
Aldose reductase is involved in long-term adaptation ofEUE cells to hyperosmotic 
stress. Bioehim Biophy, Acta 117B38S-8B8. 
Ferraris JD, Williams CK, Jong KY, Bedford JJ, Burg MB, and G 
"""" " " " asential osmotic response eleme 
!». J BM Chan. 271:18318-18; 
1 Frank KW (1983) Galactoae-induced retinal 
tion by Sorbinil. Invest Opthal- 
mot & Visual Sa 24:1519-1524. 
QiugUano D, Marfella B, Quefcraro A, Do RN, Barrators T, Cone-lino D, Ceriello A, 
and Torella R (1993) Tolrestat for mild diabetic nemupothy, A 52-week, random- 
ized, platsbo-centriuled trial Ann Intern Med 11&7-1L 
Qiugliane D, Misso h, and Acampora R (1995) Tebestat in the primary prevention of 

diabetic oculopathy. Diabetes Care 18*36-541. 
Gonzales RG, Barnstt P, Aguayo J, Cheng HM, and Chylack LTJ (1984) Direct 
measurement oT polyol pathway activity in the ocular lens. Diabetes 3*196-199. 
Greene DA and Sima AAF (1983) Effects of aldose reductase inhibitors on the 

progression or nerve damage. Diabetic Med 10318-328. 
Greene DA, Lattimer SA, and Sima AA (1987) Sorbitol, phosphatides, and 
sodium-potassium-ATF ' " " " ■' " ' 

SMtd 816699-608. 

Green. DA, Sima AA, SU. 

Dananberg J, and Lattimer SA (1993) Aldose reductase inhibitors; an approach to 
the treatment of diabetic nerve damage. Diabetes Memo Rev 9:189-217. 
Qui T, Tenimotc T, Kbkai Y, and NlsbJmura C (1995) Presence of a closely related 
subgroup in the aldo-kehrreductjuw family of the mouse. Bur J Bhxhrm 227:448- 
468. 



Haroada Y, Kitott R, and Raskin P (1991) Cruris! role of aldose reductase activity and 




gtycosylation and the pathogenesis of diabetic 
Eeo 4:437-451. 

Brownies M. Vlasaara H, and Cerami A (1984) Honenzymatic glycosylation and the 
pathogenesis of diabetic complications. Ann Intern Med 101:527-537. 

Burg MB (1995) Molecular basis of osmotic regulation. Am J Physiol 265: F9S3-996. 

Cameron NE and Cotter MA (1992) Impaired contraction and relaxation in aorta 
from BtreptoKitodn-diabetie rats: role' of polyol pathway activity. Diabetangia 
35:1011-1019. 

Cameron NX and Cottar MA (19S4) The relationship of vascular changes to meta- 
" " is and their role in the development of peripheral 



Proc Natl Acad Sci USA SI 

Hayman S and Kmoshita JH (1965) Isolation and properties of lens aldose reductase. 

J Biol Chem 840-^77-882. 
Henry DN, Del MM, Greene DA, and Ellen PD (1993) Altered aldose reductase gene 
regulation in cultured human retinal pigment epithelial cells, J Clin tneest 92: 
617-623. 

Hers HO (1958) be Mechanisms da la transformation de glucose en fructose per lea 




32 YABE-NISmMUHA 

adduct osridatioo. Same fundamental differences in proposed mechanisms of glu- Nishimura C, Saito T, Ito T, Omori Y, and T 

cbso oxidation and oxidant production. Biochem J 291:529-535. erythrocyte all' 

Ido Y, McHowat J, Chang.KC, Arrigeni-Miirtelli E, Orfaiian Z, Kilo C, Cm PB, and tologia 37:32f 

Williamson JR (1994) Neural dysfunction and metabolic imbalances In diabetic Nishimura C, Ti 

rats. Prevention by acetyi-L-coniitioe. Diobeltt 43:14(59-1477. (1991) Purine 

Ishii H, Jiroueek MB, Koya D, Takagi C, Xia P, Clermont A, Bursell S-E, Kara TS, teas expressed in baculovirus system. BivAim BUpkya Acta 1078:171-178. 

Ballaa LM, Heath WF, Stramm LE, Teener BP, and Bug GL (1996) Amelioration CHaro JP. Morgan MH, Alden P. Chieflel S, O'Brien IA. and Corrall RJ (1988) Aldose 

of vascular dysfunctions in diabetic rata by an and PKC fl inhibitor. Science reductase inhibition in diabetic neuropathy: chmcal and D^orophysioloeical atud- 

272:728-731. its of one yew's treatment with wrbrait, Diabetic Med a-,537-542. 

Ko T,NisMmuraC,TakahjishiY, Saito T, and Omori Y 0997) The level of aryth- PailhouxEA," " " ' * " 

rocyte aldose reductase; a risk factor for diabetic neuropathy? Diabetes Bet Clin protein frcra 

Pract 36:161-167. - sidc-keto reductase superfamily. J Biol 

Iwata N, Hare S. Nisbimuw C, Takahashi M. Mukai T, Takayama M, and Bndo T Petresh JM. Harter TM, and Murdock GL (1996) A potential: 

(1996) Hormonal regulation of aldose reductase in rat ovary during the estroua tase in steroid metabolism, in Eruymology and Molecular 

cycle. Bar J Bioehem 235:444-448. Metabctwn 6 (Weiner H, 1 

Iwata N, haw N, and Satoh T (1990) Hie purification and properties of aldose Plenum Press, Mew York. 

reductase from rat ovary. Arcfc Biaehem Biaphys 282:70-77. Pfeifer MA, Schumer MP, am 

Jez JM, Flynn CF, and Penning TM (1996) A nomenclature system for the aldc-kete of an ere. or the need for different 

' ' i soperfaiuf " " * " " ~ - " 
MharH.t 
. jwYorfc 

JndsewMach EG, JaapanJB, PoIooskyKS, Weinberg CR, Halter JB, Halar E, Pfeifer Ralliff DM, Vander Jagt DJ, Eaton RP, and Vander Jagt DL (1996) Increased levels 

MA, Vukadinovk C, Bernstein L, Schneider M, Liang KY, Gabbay KH, Rubenstein ef nethytglyoial-metaltoBTing enzymes in mononuclear and polymorphonuclear 

AH, and Parte D, Jr(1933) Aldose reductase inhibition improves nerve conduction cells from insulin-dependent diabetic patients, with diabetic complications: aldose 

velocity in diabetic patients. N Engl J Med 308:119-125. reductase, glyoralase I, and glyaxalase U— a clinical research center study. Jain 

Kanaka M, Carper D, Nishimura C, Millan J, Bock M, and Hohman TC (1990) Endocrinol & Metab 81:488-492. 

Induction of aldose reductase expression in rat kidney meaangial cells and Chinese Rettig J, Heinemann SH, Wundar F, Lorra C, Parcaj CN, Dolly JO, and Pongs O 

hamster ovary cells under hypertonic conditions. Sap Cell See 168:135-140, (1994) Inactivation. properties of voltage-gated K* channels altered by presence of 

Kashiwagi A, AsaMna T, Ikebuchi M, Tanaka Y, Takagi Y, NiahioY.KikkawaS.and beta subumt. Nature 389:289-294. 

Shigota Y aS94) Abnormal glutathione metaboliam and increased cytotoxicity Botrisan WG, Jr, Eador PF and Kimahita JH (1983) Retinal capillaries: basement 

caused by Hj0 2 in human umbilical vein endothelial cells cultured in high glucose membrane thickening by galactosemia prevented with aldose reductase inhibitor. 

mediiim.ZMiiAeitrfqsi<i37364-26S. Science 221:1177-1179. 

Kennedy A, Frank RN, and Varma 3D (198S) Aldose reductase activity inretinal and ReMaonWG, Jr, Nagata M, Laver N, Hohman TC, and Kmoshita JH(1989) WebefJe- 

cerebral microveasela and cultured vascular cells. Inuut Opthalmol « Vimal Ssi like rstinopathy in rats prevented with 

24:1250-1258, Opthalmel & Vitual Set 3*2286-2292. 

Khanna M, (Jin K-N, Wang HW, and Cheng K-C (1995) Substrata specificity, gene Rondeau JM. Tate P. F, Podjamy A, Ri 

structure, and tissue-specific distribution of multiple human 3a-hyuroxysteroid Moras D (1992) Novel NADPH-hinding 

dehydrogenase. J Rial Chem. 27020162-20168. aldose reductase. .Mature 3B&469-472. 

KInoshlta JH and Nishimura C (1988) The involvement of aldose reductase in Sato S and Kadcr PF (1990) Inhibition of aldehyde reductase by aldose reductase 

'" * " " " ' ~ rahihitora. BUnshem Pharmacol 40:1033-1042. 

Sato Y. Hotta N, Sakamoto N, Matauoka S, Ohiani N, and Yagi K (1979) Lipid 

peroxide level in plasma of diabetic patients. Bioehem Med 21:104-107. 
Sima AA, Bril V, Nathaniel V, McBwen TA, Brown MB, LattimcrSA, and Greene DA 
(1988) B« generation and repair of myelinated ffbers in sural-nerve Wcipbj aped- 
- aa from patients with diabetic neuropathy treated with BorbirrtUv-finji J JWed 

Kamtio M. Thomas TP, Shjndo 



Kondo KH, Kai MH, Setoguehi Y, Eggartsen O. Siohlom P, Setogochi T, Okuda KJ. Stevens MJ. Dananberg J. Feldman EL.LattijnerSA. Kamijo M, 

and Bjnrkhem 1 (199*) Qoning and ex|ireaiiion. of cDNA of human delta 4-3- H, Sima AA, and Greene DA (1994) The linked roles of 

oiosteroid S beta-roductese and substrate specificity of the expressed enzyme. Eur reductase aad, CNa + ^C*>ATPaae in the Blowing ofnerva conduction in the strep. 

J Bioehem 219^57-363. toiotoeia diabetic rat. J Gin J/iuerf 94^53-859. 

Rraote AJ, Hosigaberger L, EUls SH, Hardman M, and Nettrass M (1992) A 12- Stevens VJ. Ylasaara H, Abati A, and Cerami A (1977) Xonenzymatic glycoaylatiou 

month randomised controlled study of the aldoae reductase inhibitor pomurestat rf hemoglobin. J Bid Chen 2522998-3002. 

in patients with chronic symptomatic diabetic neuropathy. Diabetic Med 9:463- Stoli A, Hammond L, Lou H, TakikawB H. Rank M. and Shivery JE (1993) cDNA 

468. Cloning and expression of the human hepatic bile acid-binding protein, J Biol 

Leo T-S, Saltcnutn KA, Ohashi H, and King GL (1989) Activation of protein kinase Chem 26&l(M48-104o7. 

C by elevation ef glucoae concentration: proposal for a mechanism in the develop- Tahskoff B, Anderson R, and Alrris atos SGA G973) Enzymatic reduction of "biogen- 

ment of diabetic vascular complications. Proc Noil Acad Set USA 865141-5145. ic" aldehydes in brain. Mai Pharmacol ft428~437. 

Matauunt K, Deyaahiki Y, Bunai Y, Ohya I, and Hara A (1996) Aldoae reductase la Tuner** AS, Zinorieva RD, Dolgilevich SM, Luchin SO, TTraycv AS, Skryatin KG, 

a major reductase for isoeaproaldehyda, a product of side-chain cleavage of cho- and Gauae GOJ (19B4) A novel type cf crystallin in the frog eye lens. 35-kDa 

lastarol, in human and animal adrenal glands. Arch RioeJtara Biopftyi 328385- polypeptide isnot homologous to any of the major classes oflens cryatallins. FEBS 

271, Lett 171297-302. 

McCord JM (1985) Oxygen-derived tree radicals in psstischemic tissue injury. Terubeyashi H, Sato S. Niahimnra C, Kador PF, and Bnoahita JH (1989) LaeaHaa- 

tfBngl J Med 312J59-163. don of aldose and aldehyde reductase in the kidney. Sidney Int 3&843-S51. 

Morrison AD, Clements RS, Travis SB. Oslo F, and WSnegrad AI (1970) Glucose Tomliaaon DR. Moriarty KJ, and Mayer JH (1984) Prevention and reversal ef 

uaiiratJon by the polyol pathway in hi - 1 " 1 . . . 

Common 40:199-205. 
Nagata M, Hohman TC, Nishtmura C, Droa CM, Oliver C, and Hobison WG, Jr 

(1989) Pdyol and vacuole formation in cultured canine lens epithelial cells. Exp Tuck RR, Schmelser JD, and Low PA (1984) Eudoneurial blood flow and oxygen 

Eye Ret 48:667-677. tension in the sciatic nerve of rats with experimental diabetic neuropathy. Brain 

Newrick PG, Wilson AJ, Jskubowski J, Boulton AJM, and Ward JO (1936) Sural 107:935-950. 

nerve oxygen tension in diabetes. Br Med J 298:1053-1054. Turner AJ and Tipton KF (1972) The chaxacterization of two reduced rncotinamide- 

Nieotucd A, Carina F, Graepel JG, Hohman TC, Ferris F, and Lechin JM (1996) The .......... 

Efficacy of tobrestat in the treatment of diabetic peripheral neuropt " 

analysis of individual patient data. Dinbtttt Care 19:1091-1098. 
Nishimura C, Furue M, Ito T, Omori Y, and Tanimoto T (1993) Qi 

minetion of human aldoae reductase by ex 



Nishimura C, Graham C, Hohman TC, Nagata M, Rolason WG, Jr, and Carper D van Heymngen R (1959) Formation of polyola by the lens of the rat with 'sugar 1 

(1988) Characterization of mBNA and genes (or sline reductase in rat. Biachaa. cataract. Nature 488:194-195. 

Biepbyt Bet Cemmm 168:1051-1059. Vander Jagt DL, Hunaaker LA, Robinson B, Stangebye LA, and Deck LM 0990) 

Nishimura C, Hamada Y, Tachlkawa T, labikawa T, Cm T, Taubouchi J, Hotta N, Aldehyde and aldose reductases from human placenta. Heterogeneous expression 

Tanimoto T, and Urakami T (1994a) Enzyme immunoassay for erythrocyte aldose of multiple enzyme forms. J Biol Chem 266:10912-10916. 

reductase. C7£n Chem 40:889-894. Vander Jagt DL, Kblb NS, Vander Jagt TJ. CWno J, Martinez FJ, Hunsaker LA, and 

Nisianrara C, Hotta Y, GuiT, SekoA, F^nuaki T, Mukawa T. Hayakawa M, Kanai Royer RE (1995) Substrate specificity cf human aldose reductase; identification of 

A, and Saito T (1997) The level of erythrocyte aldose reductase is associated with 44rydro*ynononal as an endogenous substrate. Biochim Biapky, Acta 1249:117- 

the severity of diabetic retinopathy. Diabetes Retain. Pract 37:173-177. 126. 

Nishimura C, Lou MF, and SnoshitaJH (1987) Depletion afmyo-inoedtol and snune Vander Jagt, DL, Robinson B, Taylor KK, and Hunsaker LA (1992) Reduction of 

acids in gaUctosemic neuropathy. J Neunekem 49290-295. trioses by NADPH-dapendant aldo-keto reductaaes. Aldose reductase, methyl- 

Nishimura C, Matsuora. Y, Kokai Y. Akera T, Carper D, Morjana N, Lyons C. and glyoxal, and diabetic complicationa. J Biol Chem 2*7:4364-4369. 

Flyim TO (1990) Cloning aim expression of human aldose reductase. J Biol Chem Vander Jagt DL, Torres JE. Hunsaker LA, Deck LM, and Royer RE (1996) Physio- 



ALDOSE REDUCTASE: A TARGET TO PREVENT DIABETIC COMPLICATIONS 



33 



hyperglycemia. Exp Eye Res 19*77-552. 
Wang K, Bohren KM, and Gabbay KH (1993) Charactoriinticni of the human 

reductase gun promoter. J Bio! Chrm 368:16032-16068. 
Warren JC, M unlock OL, Ma Y, Goodman SE, and ffimn. 



m 6 (Waner K, LindaU R, Crabb DW, and Flynn TG, eds) pp 435-442, 
WilKm DK, Tarte [, Petraih JSC, and Quiocho FA (19831 Refined 1.8 A at 



sn K, and yon Wartburg J-P (1982) Purification and 
characterizatioii of human brain aldose reductase. BurJBioehem 127:279-284, 
Wermuth B, Omar A, renter A, di Francesco C, Wolf M, von Wartburg JP, Bullock 
B, and Gabbay KH (1987) Primary structure of aldehyde reductase from human 
liver, in Bnzymalcg, and Molecular Biology of Carbtmyl Metabolism; Aldehyde 
Dehydrogenase, Alda-Kete Reductase, and Alcohol Dehydrogenase (Wednsr H and 
Flynn TO, edsj pp 297-807, Alan R. lira, New York. 
Williams B (1985) Glucose-induced Taaeular smooth muscle dysfunction: the role of 



Noil Aced Set USA Wb3847-9B61. 
Winters CJ, Molowa OT, and OuieKaa PS (1990) Isolation and dismteriwHon of 
cloned cDNAs ei " - ' 

1080-1087. 



ETZ-induced diabetic rata. Diabetes 41:47-62. 
Yagihashi S, Yamagishi 3, Wada R, Sagtmoto K, Baha M, Wong B 
and KokaiY (1998) Gi" 1 




protein kinase a J Hypertens 18:477-488. 
Wilson DK, Bohren KM, Gabbay KH. and E 
substrate site in the 1.65 A strut 



A Quiocho PA (1996) Structure studies of 



Zhu X and EkhbergJ (1993) Molecular species composition of glycerephnsphobpids 
in rat aaabc nerve and its i .... 
fliopAy. Acta 1168:1-12. 



EXHIBIT B 



Docket No.: 1 422-071 6PUS 
AppNo.: 1 0/581 ,0a 



Role of Nitric Oxide in Angiogenesis and Tumor 
Progression in Head and Neck Cancer 
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Background: Angiogenesis (formation of new blood vessels) 
is associated with tumor growth and metastasis in patients 
with solid tumors, including those of the head and neck. 
Nitric oxide (NO) production may contribute to these pro- 
cesses. We assessed the role of the NO pathway in angiogen- 
esis and tumor progression in patients with head and neck 
cancer. Methods: Biochemical assays were used to measure 
NO synthase (NOS) activity and cyclic guanosine monophos- 
phate (cGMP) levels in specimens of tumor and normal mu- 
cosa obtained from 27 patients. Microvessels in tumor speci- 
mens were identified by CD-31-speciflc lmmunohis- 
tochemical staining. Associations between microvessel den- 
sities, levels of NOS, and cGMP were examined by use of 
two-sided statistical tests. Tumor specimens and human 
squamous carcinoma A-431 cells were grown as explants on 
the corneas of rabbits, and the effect of the NOS inhibitor 
jV"-nftro-L-arginine-methyl ester (L-NAME) was tested. Re- 
sults: Levels of total NOS, inducible NOS, and cGMP were 
higher in tumor specimens than in specimens of normal mu- 
cosa (all F<.Q0Q1). Tumor specimens from patients with 
lymph node metastases presented a higher total NOS activity 
(jP - .005) and were markedly more vascularized than tumor 
specimens from patients with no lymph node Involvement (P 



- .0002). Microvessel density at the tumor edge was an in- 
dependent predictor of metastasis for this series of patients 
(odds ratio - 1.19; 95% confidence interval - 1.07-2.89; P = 
.04). A-431 cells and tumor specimens exhibiting high levels 
of NOS activity Induced angiogenesis in the rabbit cornea 
assay; when NO production was blocked, tumor angiogene- 
sis and growth were repressed. Conclusions: The NO path- 
way appears to play a key role In tumor angiogenesis and 
spread in patients with head and neck cancer. [J Natl Cancer 
Inst 1998;90:587-961 



Squamous cell carcinoma of the head and neck is among the 
most common human cancers and remains a major cause of 
mortality and morbidity throughout the world (1). The most 
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important prognostic factor in patients with head and neck can- 
cer is the presence of lymph node metastasis mat correlates with 
locaregional recurrence, distant metastatic spread, and survival 
(2). As documented in both clinical and experimental studies 
[reviewed in (3)], the ability of tumor cells to induce new blood 
vessel growth (angiogenesis) is a critical factor in determining 
tumor size as well as regional and distant tumor spread. If tumor 
angiogenesis is limited or prevented, tumor cells are much more 
likely to undergo programmed cell death (apoptosis) and tumor 
growth is strongly reduced. On the basis of the hypothesis mat 
inhibition of angiogenesis results in a reduction of tumor size 
and metastases, several antiangiogenic drugs are presently under 
investigation as new therapeutic strategies in cancer treatment (4,5). 

Head and neck squamous cell carcinomas have been found to 
promote microvascular growth in vivo. Culture supernatants 
from head and neck squamous cell carcinoma cell lines grown in 
vitro have also been found to promote microvascular growth in 
the chorioallantoic membrane (angiogenesis) assay (6,7). The 
density of microvessels in head and neck tumors has consistently 
been found to correlate with metastatic spread and prognosis 
(8-10). However, no information is available to date regarding 
the nature of the angiogenic mediator implicated. 

Immunobistochemical studies (11-13) have indicated that ni- 
tric oxide (NO) synthase (NOS) is present at higher levels in 
solid tumors, including those of the head and neck, compared 
with normal tissue (11-13); however, no definite explanation for 
the role of NO in tumor growth has been provided (14). NO 
functions as a mediator in the vascular, nervous, and immune 
systems by regulating vasodilation, vascular permeability, plate- 
let adhesion and aggregation, and tumor blood flow (15-17), We 
recently reported (18,19) that NO plays a central role in the 
angiogenic cascade by demonstrating that vascular endothelial 
growth factor (VEGF), released as a purified protein or produced 
by tumor cells, requires a functioning NO/cyclic guanosine 
monophosphate (cGMP) pathway within the endothelial com- 
partment to promote neovascular growth 

We pursued the hypothesis that the NO pathway could con- 
trol the sequential steps responsible for the neovascularization in 
head and neck cancer and thus influence tumor cell dissemina- 
tion. To this aim, we have assessed the status of theNOS/cGMP 
pathway and its association with microvessel density in a series 
of 27 head and neck cancer patients distributed according to 
lymph node status. The ability to directly stimulate angiogenesis 
by head and neck cancer was assessed in vivo in the avascular 
cornea of albino rabbits. The role of NO in controlling angio- 
genesis was evaluated in vivo in rabbits receiving pharmacologic 
inhibition of NOS pathway produced by A^-m^-L-arginine- 
mcthyl ester (L-NAME). The effect of the treatment was evalu- 
ated for its ability to prevent angiogenesis and to produce its 
regression in animals implanted with tumor tissue and with a 
squamous cell carcinoma cell line. 

Materials and Methods 

Patients and Tissue Collection 

We studied 27 consecutive head and neck cancer patients who underwent 
surgical treatment of the primary tumor and of the neck at the Institute of 
Otolaryngology Head and Neck Surgery, University of Florence, during the 
period from April 1996 through April 1997. Clinical, epidemiologic, and histo- 
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pathologic characteristics of these patients are shown in Table 1. All tumors were 
histologically confirmed to be squamous cell carcinomas and were graded as 
well tffrerentiated, moderately drfflaetraated, and poorly differentiated (20,21). 

Samples of the tumor core, the invasive edge of the tumor (tumor edge), and 
macrascopically healthy mucosa (control) were obtained from surgical speci- 
mens taken from each patient for NO analysis and angiogenesis assay. The 
portion of primary tumor was obtained by superficial biopsy of cither the tumor 
bulk or the edge of the malign anr ulcer for more infiltrative cancers. Samples of 
tissue identified as tumor edge were taken at the tumor periphery, whereas 
samples of control mucosa were obtained from a macroscopicaUy uninvolved 
area 2—5 cm away from the tumor. 

Cell Line and Culture Conditions 

Human epidermoid carcinoma A-43 1 cells were obtained from the American 
Type Culture Collection (Rockville, MO). Cells were maintained in culture in 
Dulbecco's modified Eagle medium supplemented with 4500 g/L glucose, 2 tnM 
L-ghrtamine, antibiotics (100 U/mL penicillin and 100 jig/rnL streptomycin) 
(Sigma Chemical Co., St Louis, MO), and 10% fetal calf serum (FCS) (Hyckme 
Laboratories, Inc., Logan, UT). Cells were split 1 : 5 twice a week. 

Assay for NOS Activity 

Fragments of tissues were homogenized at 0-4 °C in buffer containing 0.32 M 
sucrose, 20 mWHEPES (pH 7.2), 0.5 MEDTA, and 1 mMdrdriothrehol. The 
homogenates were then processed, and the total NOS (tNOS) activity was mea- 
sured as previously described (22). The activity of the calcttun-cahnodulin- 
independent isoform (inducible NOS [iNOS]) was identified in tumor homog- 
enates by measuring the enzymatic activity in buffer containing 1 mAf EGTA 
and the calmodulin inhibitor trifluoperazine (100 pJW) (but no calcium) as pre- 
viously reported (22). For the evaluation of NOS activity in A-43 1 cells, the cells 
in 60- mm -diameter culture dishes were stimulated with 10 p.g/mL lipopolysac- 
cbaride (LPS) for 24 hours and treated as' described (23). All determinations 
were performed in duplicate. NOS activity is expressed as picomoles of [ 3 H]ci r 

Measurement of cGMP Content 

The levels of cGMP were measured in the aqueous phase of tissue homog- 
enates extracted from 10Vi trichloroacetic acid with Oi Mtri-n-octykmitie dis- 



TaWe 1. Oinical, epidemiologic and histologic characteristics of 27 patients 
with squamous cell carcinoma of the head and neck 



Characteristic No. (%) 


Total No. of patients 


27(100) 


A«c,y 




Median; 64 




Range: 43-75 




Sex 




Male 


23(85.1) 


Female 


4(14.9) 


Tumor stage (20) 




1 


4(145) 


11 


5(18.5) 


m 


7(255) 


rv 


9 (33 J) 


Recurrences 


2(7.4) 






Larynx 


18(66.7) 


Oral cavity 


6(22.2) 


Oropharynx 


3 01-1) 


Lymph node status 




Negative (N-) 


16(59.3) 


Positive (N+) 


11(40.7) 


Tumor grade (21) 


9(33.3) 


WeB-differsntiated 


Moderately differentiated 


12(44.5) 


Poorly differentiated 


6(22J2) 
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solved in l,l£4rietoonrtrifluoroetftane (22). cGMP was measured with tie use 
of a ladioinnsimoassay kit and 12S I-4abeIed cGMP (Amersham, Buckingham- 
shire, England) after acetyktion of the samples with acetic anhydride. All de- 
terminations were performed in duplicate. Values are expressed as femtomoies 
of cGMP pear milligram protein. 

immunofluorescence Analysis of Inducible Form of NOS 

Tissue samples were frozen by immersion in liquid nitrogen, and 7-tim-thidc 
sections woe cot with the use of a cryostat A-431 cells were grown on multi- 
chamber glass slides coated with gelatin* Both the sections and the cell sped* 
mens were feed in 4% formaldehyde in phosphate^uffered saline (PBS) for 10 
minutes at room temperature, washed thoroughly in PBS, and then immunola- 
belcd with rabbit polyclonal anti-iNOS antibodies {Calbiochan, Inalco, V&Tan, 
Italy; working dilution 1:25). The i 




is by use of an unrrnmotestochemical method. A monoclonal antibody 
against CD-31 (JC/70; Dako, Glosfrup, Denmark) diluted at 1 : 20 m PBS was 
employed. Incubation was carried out for 30 mirmtw^ after digestion of the tissue 
sections with protease XTV (Sigma Chemical Co.) fox 3 minutes at 37 "C See- 



■e of a st 



(LSAB kit; Dako) with d 
connterstaiiL Microvessel density was drleraiiticd by use of the procedure pro- 
posed by Weidner et al. (24). The tumor area with the highest concentration of 
stained microvessels was identified at scanning magnification (*40), and rai- 
crovessels were counted in a bunded manner by two i 
*200 magmficaticm (field area, 0.73 mm 1 ). Results are e 
mirnber of microvessels identified within a *200 field. 

Rabbit Cornea Assay for Autogenesis 

Corneal assays for angiogenesis were performed in New Zealand white rabbits 
(Charles River, Calco, Como, Italy) as described (25) andin accordance with the 
guidelines of the European Economic Community (EEC) for animal care and 
welfare (EEC law No. 867609). Tumor fragments (2-3 mg each) or cell suspen- 
sions (2.5 * 10 s cells) were implanted into surgically produced corneal micro- 
pockets. The angiogenic response was assessed in a blinded manner by two 
independent operators, who did not perform the surgery, by use of a slit lamp 
stereomicroscope, and capillary progression was scored dairy as previously re- 
is over the total 




L L-NAME v, 

inhibited NOS activity in the rabbits by evahur 
aortic rings (27), 

Differential Reverse TranscripUott-Polymerase Chain 
Reaction Analysis of NOS Expression 



carried out by use of 5 fiL of cDNA and sj 
follows: for endothelial NOS (eNOS), sense S'-GTG ATG GCG AAG CGA 
GTG AAG-3', antisense i'-CCG AGC COG AAC AO CAG AAC-3'; for 
s S'-TCC GAG GCA AAC AGC ACA TTC A-3', antisense S'-GGG 
TTG GGG GTG TGC TGA TGT-3' (30). CaKhration was performed by co- 
atnplifcatioa of the same cDNA sample with primers for glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH) as internal standard, with sequences as 
described (29). The PCR cycles were 1 minute at 94 °C, 1 minute at 60 °C P and 
1.5 minutes at 72 "C for eNOS and iNOS. After 35 cycles of amplification, 
aliquots of each sample product (20 (iL) were subjected to electrophoresis on a 
3% agarose gel and stained with cthidtum bromide. The size of the amplification 
products were 196 base pairs (bp) for GAPDH, 422 bp for eNOS, and 462 bp for 
iNOS. linage processing and analysis of the intensity of the hands were per- 
formed as described (29). The results were analyzed as the ratio between the 
optical densities of me bands related to the amplification products of the target 
genes (eNOS and iNOS) and GAPDH. 

Statistical Analysis 

Statistical analysis was performed with use of Stata Statistic Software (release 
5.0; Stata Corporation, College Station, TX) and Number Cruncher Statistical 
System (version 5.03; J. L. Htotze, Kaysville, UT). Data are reported as median 
and range for NOS/cGMP values and microvessel density and as means with 
95% confidence intervals (CIs) for the angjogenesis score. 

Within different tissue samples,' NOS activity and cGMP levels were com- 
pared by use of a paired-value Wilcoxon test The Wilcoxon rank sum test for 
impaired data was used to assess the differences between NOS activity and 
cGMP levels in different tissues as well as microvessel density (CD-3 1 staining) 

The relationships between the microvessel count and NOS activity and cGMP 
levels arc reported as Spearman product-moment correlation coefficient (r s ). 
Moreover, differences among microvessel density according to tumor stage and 
tumor grade were analyzed by the use of the Kruskal-WaMs test. 

A multivariate logistic regression analysis was performed to explore the ef- 
fects of several possible prognostic factors (age, sex, tumor grade, tumor stage, 
tumor location, microvessel density, NOS activity, and cGMP levels) in predict- 
ing the risk of lymph node metastases. The final results of these analyses are the 
odds ratios (ORs) and their 95% Os. The Wald statistic was used to test the 
following hypothesis: OR = 1.00. 

For the angiogencsis data, multiple comparisons were performed by analysis 
of variance (ANOVA), and individual differences during each day of observa- 
tion were tested by Fisher's test after the demonstration of significant intergroup 
differences by ANOVA. 

All lvalues resulted from use of two-sided statistical tests.? values less than 



a and calculated as vessel 
i$ (19,27). Corneas were removed at the end of 
is at defined intervals after surgery and/or treatment and 
for histotogj 
a of NOB in 

istered L-NAME in the drinking water. L-NAME solutions ( 1 g/L) were freshly 
prepared every day. Water intake wag approxim ately 200 midday per animal in 
the treated animals and was not different from that in airirnals in the control 



a of foe contractility of the 



A-431 cells at 90% confluence were stimulated for 24 hours with te 
stances in the presence of 1% FCS. Total RNA from cells was isolated 

mentary DNA (cDNA) was synthesized as described (29). Differential 
transcription^) olymerase chain reaction (RT-PCR) (29) for NOS isofon 



Results 

NOS Activity in Normal and Neoplastic Tissues of the 
Upper Aerodigestive Tract: Correlation With Lymph Node 
Metastasis 

The activities of iNOS and iNOS were measured in biopsy 
specimens obtained from me tnmor core, the invasive edge of 
the tumor (rumor edge), and normal mucosa in 27 patients who 
underwent surgery for head and neck cancer. 

In specimens from unaffected mucosa, we d 
baseline activity of fNOS and iNOS of 137 (range, 0.64-3.50) 
and 0-95 (range, 0.59-2.93) pmol/minute per mg protein, respec- 
tively. In tumor tissue, tNOS and iNOS levels were elevated to 
4.08 (range, 2.03-8.78) and 3.67 (range, 1.94-6.85) praol/ 
minute per mg protein, respectively (paired-value Wilcoxon test, 
i^.0001 in all cases compared with normal control mucosa). 
The localization of NOS enzyme within Ibe tumor cell popula- 
tion was assessed by immunofluorescence analysis on tumor 
sections by the use of polyclonal anti-iNOS antibodies. The 
strongest jmmunoreactiviry was detected in cancer cells rather 
than in stromal cells. In normal control mucosa, the iNOS im- 
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mundstaining was prevalent in the epithelial cells of the basal 
layer (Fig. 1, A and B). 

The extent of NOS activity increment was significantly dif- 
ferent according to the site of sampling within the tumor mass. 
The specimens at the invasive edge of the tumor exhibited the 
highest NOS activity. In tumor core samples, the median value 
was 4.08 (range, 2.03^8.78) pmolAninute per mg protein for 
tNOS and 3.67 (range, 1.94-6.85) pmol/minute per mg protein 
for iNOS; in samples from the tumor edge, the values were 5.36 
(range, 2.73-23.74) pmol/minute per mg protein for tNOS and 
4.06 (range, 2.04-21.83) pmol/minute per mg protein for iNOS 
(paired-value Wilcoxon test, tumor core versus tumor edge: P = 
.0003 for tNOS and P = .004 for iNOS activity, respectively). 

We then analyzed NOS activity in tumor specimens from 
patients in the cohort according to tumor stage and metastatic 
behavior. Eleven patients had histologically confirmed cervical 
lymph node metastases (N+), whereas the re m ai n ing 16 patients 
had no clinical and histopathologic evidence of neck disease 
(N-). The levels of NOS in specimens from N+ patients were 
higher in each tissue sample examined compared with the speci- 
mens sampled from patients with histologically negative (Le., no 
detectable cancer) lymph nodes (Fig. 2, A and B). 

Accordingly, the specimens sampled at the periphery of the 




Fig. 1. Nitric mode synthase (NOS) expression to ton or samples and normal 

to^ofluoresraitt drtecttaof ££c NO sT^ot 5 ^ W «d to 
normal control mucosa (B). Tissues were obtained from patients who underwent 
surgery tor bead and neck cancer (original magnification *500; bar = 20 |un). 



tumor had significantly higher tNOS and iNOS activities in 
more advanced disease (stage HI or TV) (20) when compared 
with those from early stage lesions (stage I or II) (P = .016 and 
P = .04, respectively). No difference in the levels of tNOS and 
iNOS activities in specimens was found according to tumor 
grade. 

cGMP Determination In Normal Mucosa and Tumor 
Tissue: Correlation With Lymph Node Metastasis 

cGMP is known to be the mediator of the response of the cells 
to NO (31). To ascertain whether cGMP undergoes changes in 
head and neck cancers, we next measured cGMP levels in the 
aqueous phase of 10% trichloroacetic acid extracts of head and 
neck cancer tissues. Increased cGMP levels were detected in the 
tumor core and the tumor edge (median values of 5.39 [range, 
3.35-7.93] and 6.37 [range, 3.84-16.81] fmol/mg protein, re- 
spectively) compared with normal control tissues (2.97 [range, 
1.87-4.96] fmol/mg protein) (paired-value Wilcoxon test, 
P<.0001). The increment of cGMP levels in the tumor edge was 
significantly higher man in the tumor core (paired-value Wil- 
coxon test, P = .0001). When cGMP levels in tissues from N+ 
patients were compared with those from N- patients, a statisti- 
cally significant difference was demonstrated only in the tumor 
edge (unpaired-value Wilcoxon test, P = .005) but not in un- 
affected control mucosa (P = .805) or in the tumor core (P = 
.621) (Fig. 2, C). 

A progressive increase in cGMP was also detected from stage 
I to IV tumors only in peritumoral samples, although this finding 
was not statistically significant (P = .156). No difference in 
cGMP levels was found according to tumor grade. 

Correlation of Mlcrovessel Density With NOS Activity, 
cGMP Levels, Lymph Node Status, Tumor Grade, and 
Tumor Stage: Multivariate Analysis 

We then assessed the extent of vascularization in our series of 
head and neck cancer patients. Immunohistochemical expression 
of CD-31 and Ki-67 was detected as previously described (32). 
Microvessel counts in cancers from different patients and also 
within different areas of the same carcinoma were heteroge- 
neous. The highest density of microvessels was observed at the 
invasive edge of the tumor and was associated with an increased 
proliferative activity of tumor cells (Fig, 3). According to tumor 
grade, we found a statistically significant increase in the mi- 
crovessel counts passing from weU-differentiated to poorly dif- 
ferentiated carcinomas (Spearman coefficient r s — .435; P = 
.03), as well as from early stage cancers to more advanced 
cancers (r s = .599; P = .001), N+ patients had a significantly 
higher median microvessel count in tumor specimens than In- 
patients (unpaired-value Wilcoxon test, P - .0002) (Fig. 3). 

When we correlated INOS and iNOS activities with mi- 
crovessel density in the tumor core and tumor edge samples, we 
found mat the increased tumor vascularization was statistically 
associated with an increased NOS activity (both tNOS and 
iNOS) (r s = .468 and P = .016 andry = .434 and P = .027 
in tumor core, respectively, r s = .571 and P = .002 and r s = 
.498 and J 9 = .010 in tumor edge, respectively). A suggestive 
correlation between cGMP activity and CD-31 density was ob- 
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served only in samples from the tumor periphery (r s = .352; P 
= .078). Furthermore, analysis indicated mat there was a sta- 
tistically significant association between vascular density and 
tumor stage (Kruskal-Wallis test; P = .018). 

Thus, increased NOS activity and cGMP levels in both the 
tumor core and the tumor-front areas, high microvessel density, 
and poor histologic differentiation of cancers were significantly 
correlated with the presence of lymph node metastasis. Multi- 
variate stepwise logistic regression analysis confirmed that mi- 
crovessel count (CD-31 expression) was the most important and 
independent predictor of lymph node metastasis in our series 
(OR = 1.19; 95% CI = L07-2.89; Wald statistic = 3.79; P = 
.04), whereas cGMP levels were strongly suggestive (OR = 
1.39; 95% CI - 057-1.99; Wald statistic = 1.79; P = .06). 



Angjagenesis Produced by Head and Neck Cancer Tissue: 
Blockage by NOS Inhibitor 

To assess whether the tumor expression of NOS activity 
could be directly correlated with an increased angiogenic poten- 
tial, we assayed tumor specimens of head and neck cancer for 
angiogenesis in an in vivo experimental setting by use of the 
avascular rabbit cornea to monitor vascular growth. Fragments 
(2-3 mg) of tumor tissue and of unaffected control mucosa from 
1 2 randomly selected patients with either positive (five patients) 
or negative (seven patients) lymph nodes were sampled and 
implanted in the corneal stroma. For each specimen, at least two 
fragments were tested. Within 5 days from the implant, all tumor 
fragments induced a strong angiogenic response in all the re- 



Fig. I. Nitric oxide synthase (NOS) activity and cyclic guanosine monophos- 
phate (cGMP) levels in tumor samples end norma) mucosa from bead and neck 
omen-patients. Total NOS (tNOS) (A) and inducible NOS (iNOS) 03) activities 
were measured in specimens selected from the tumor core, the invasive edge of 
the tumor (tumor edge), and normal mucosa (control). Data are expressed as 
pmol of [ 3 H]citnilKne fomedfaunute per mg protein. tNOS and iNOS activities 
. are sorted and compared according to lymph node status (11 lymph node- 
negative [N-] and 16 lymph node-positive [N+] patients). tNOS activities for 
control mucosa, tumor core, and tumor edge were 0.95 (range, 0,64-2.67), 3.62 
(range, 2.03-6.54), and 4.37 (range, 2.73-9.72) pmolMnute per mg protein, 
respectively, tor N- patients and 1.93 (range, 0.96-3.50), 4.96 (range, 2.79- 
8.78), and 8 37 (range, 4.61-23.74) pmolAmnute per mg protein, respectively, 
for N+ patients. iNOS activities for control mucosa, tumor core, and tumor edge 
specimens were 0.S1 (range, 0.59-2.16), 2.70 (range, 1.94-6.07), and 3.68 
(range, 2.041-8.98) pmoL'minute per mg protein, respectively, for N- patients 
and 1.10 (range, 0.63-2.93), 4.07 (range, Z04-6.85), and 6.98 (range, 3.89- 
21.83) pawl/minute per mg protein,, respectively, for N+ patients. C) cGMP 
levels were measured in the aqueous phase of tissue homogsnates by radioim- 
munoassay. Data are expressed as fmolAng of protein (11 N- and 16 N+ pa- 
tients). oGMP levels in control mucosa, tumor core, and tumor edge were 3.01 
(range, 2.02-4.96), 5 21 (range, 3.35-7.42), and 5,96 (range, 3.846-9.41) pmot/ 
mg protein, respectively, for N- patients and 2.73 (range, 1.37-4.71), 5.63 
(range, 3.91-7.93), and 8.52 (range, 4.96-16.81) prool/mg protein, respectively,- 
for N+ patients. 
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sd within a *200 field (1 1 lymph node-negative [N-] and 
16 lymph node-positive [N+] patients). Median tnicrovessel density was 21 
rakrovessels per field (range, 12-32) and 52 nricrovessels per field (range, 
18-70) far N- and N+ patients, respectively. 

cipient animals, whereas only a few of the implanted fragments 
elicited a modest angiogenic response (Fig. 4; Fig. 5, a). In the 
following days (days 12-15), angiogenesis induced by the tu- 
mors progressed; the newly formed capillaries reached the tumor 
implant, vascularized it, and produced an increase in the tumor 
size (Fig. 4; Fig. 5, a-c). Samples from N+ patients (14 frag- 
ments from seven patients) induced a more potent angiogenic 
response than samples from N- patients (50% increase in neo- 
vascularization, 10 fragments from five patients) (Fig. 4). Fish- 
er's test after ANOVA analysis revealed a statistically relevant 
difference between the three groups from day 8 to day 18 of 
observation (P - .01). 

To assess whether head and neck cancer-induced angiogen- 
esis could be controlled by NOS inhibition, two experimental 
approaches were followed In a first set of experiments, a group 
of animals received the NOS inhibitor L-NAME (1 £/L) in the 
drinking water once a consistent vascular network had been 
elicited by the tumor implant in the cornea (Fig. 5, c). By 24 
hours after the administration of the NOS inhibitor, the diam- 
eters of the capillaries, measured by use of an ocular grid, were 
reduced by 50%, thus resulting in decreased tumor perfusion. In 
the following days, the vascular network started to regress (Fig. 
6, A) (Fisher's test following ANOVA; P = .05), while the 
rumor size appeared grossly reduced (about 50% reduction) (Fig. 
5, d-f; Fig. 6, A). Conversely, the tumor fragments in the control 
group did not change their size or vascular support 

In a second set of experiments, L-NAME treatment was given 
before the animals received the tumor implant. Under systemic 
inhibition of NOS activity in the host, angiogenesis was not 
produced by any implanted tumor samples (zero vascularized 
implants of eight performed in L-NAME-treated animals versus 
six of eight in untreated rabbits) (Fisher's test following 
.ANOVA, P = .01 for days 8-18) (Fig. 6, B). When the treat- 
ment was interrupted, vascularization started from the 8th day 
after the suspension of treatment and progressed, reproducing 
the vascular pattern of untreated, implanted animals (Fig. 6, B). 




A J* J? if 



d in the rabbit cornea by normal control mucosa 
head and neck cancer patients. Progression and 
efficiency over lime of neovascular growth produced by nonpathologic mucosa 
and tamor tissue from head and neck cancer patients according to lymph node 
status. Angiogenesis is reported as angiogenic score (vessel length * vessel 
density) over time (days). In the inset is reported the number of tissue samples 
inducing angiogenesis over the total number of samples tested (positive/total). 
One animal bearing two samples was killed because of tumor overgrowth. The 
sample $i2e consisted of six samples from three patients for normal mucosa, 14 
samples from seven lymph node-negative (N-) patient tumors, and 10 samples 
(until day 10) from five lymph node-positive (N+) patient tumors, d = day. 



Control by NO of Angiogenesis by Squamous Cell 
Carcinoma Cell Line A-431 

To prove that the NO production by the neoplastic cell popu- 
lation triggered angiogenesis, we used the epidermoid cell line 
A-431 as an experimental tumor model. This cell line was char- 
acterized for NOS isoform activity and for NO production and 
was assessed in the rabbit cornea angiogenesis assay. 

The extent of NO produced under basal conditions was ap- 
proximately 3.8 (95% CI = 3.0-4.6) pmol/minute per mg 
protein. hnmmuDofluorescence analysis revealed a clear-cut 
cytoplasmic localization of iNOS hnmunostaming (data not 
shown). By differential RT-PCR, the constitutive presence 
of two NOS isoforms was shown, identifiable with the eNOS 
and the iNOS isoforms (mean ratios of 0.380 [95% CI = 
0351-0.409] and 0.341 [95% CI = 0.327-0.355] for eNOS and 
iNOS, respectively). NO production by A-431 cells could be 
modulated. Following a 24-hour stimulation with 10 ^g/mL 
LPS, the NOS activity increased by approximately threefold 
(10.71 [95% CI = 9.45-11.97] pmol/minute per mg protein in 
LPS-trcaled cells [P<.001] versus basal control, Student's t test), 
an effect that could be specifically blocked by L-NAME (3.04 
[95% CI = 2.56-3.52] pmol/minute per mg protein in cells 
treated with 2 mM L-NAME [P<.01] versus LPS alone, Stu- 
dent's t test). 

A-431 cells treated in vitro for 24 hours with LPS (10 jig/mL) 
and then implanted in the cornea elicited angiogenesis within 5 
days, and complete vascularization of the tumor cell implant 
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Fig. 5. Autogenesis induced by tumor samples from head and neck cancer 
patients in the rabbit cornea: effect of the nitric oxide synthase (NOS) inhibitor 
/^•^n^-srgirike-memyl ester (L-NAME), Upper panel* (*-c): representa- 
tive pictures taken at 6, 14. and 24 days, respectively, of neovascular growth 
produced by a tumor sample to the rabbit cornea. Within 5 days from the surgical 
implant, the tumor induced i strong neovascular outgrowth at (he Umbos (a, 
arrows), to the following days (day 14, b), angjogttiesis induced by the tumor 
progressed and the newly fanned capillaries reached the tumor implant and 



vascularized it, leading to an increase in the tumor size (day 24, e). Lower 
panels: The effect of L-NAME on tsmor-indsced angtogenesis is shown. L- 
NAME (1 g/L) was given in the drinking water for 1 week from day 26 after 
tumor jmptarTf. Pictures were taken at 2, 4, and 6 days from the beginning of the 
treatment Within 2 days tram systemic NOS mrrihition, tnmor Vasculature con- 
sistently and progressively regressed (d-f) and the tumor size appeared grossly 
reduced (e, 1). 



occurred within 2 weeks from surgery (Fig. 7, open bars). In 
rabbits receiving L-NAME, the angiogenic response was re- 
duced and delayed by 1 week (Fig. 7, hatched bars) (Fisher's test 
following ANOVA, P = .01 fordays 13-15). When A-431 cells 
were treated in vitro with LPS in the presence of the NOS 
inhibitor, no angiogenesis was produced by the tumor cells, 
suggesting that NO production within the tumor cells was re- 
quired forme angiogenic activity elicited by LPS treatment (Fig. 
7, inset). 

Discussion 

hi this study, we show that an increase in NOS activity is 
found in head and neck cancer, is associated with elevated 
cGMP levels, and correlates with tumor vascularization. Mi- 
crovessel density and NOS activity correlate with lymph node 
metastases, indicating that an increased metastatic behavior is 
associated with a high NOS activity and angiogenesis. Animal 
studies demonstrate that transplant of tumor samples and a cell 
line from squamous cell carcinoma produce angiogenesis in vivo 
strictly linked to NO production, which is made to regress by 
treatment with NOS inhibitors. Taken together, these data sug- 
gest that, in head and neck cancer, the increased NOS activity 
can be regarded as a novel biologic marker for tumor progres- 



sion related to angiogenesis and point to inhibitors of NOS as 
potential antiangtogenic drugs. 

Head and neck cancer is a major cause of morbidity and 
mortality worldwide, representing 5% of all new cancers esti- 
mated in major Western countries per year (J). The cure rate for 
head and neck cancer drops substantially when lymph nodes in 
the neck are involved (2). Despite the continuous effort, no 
reliable prognostic markers for head and neck cancer exist An- 
giogenesis is associated with regional and distant tumor spread 
in several solid tumors, including head and neck cancer (8-10), 
thus predicting patient outcome. Although the microvessel count 
in tumor tissue correlates with tumor aggressiveness, little in- 
formation is provided by this pathologic assessment about the 
biochemical pathway responsible for tumor angiogenesis. 

NO has been shown to play a role in various phenomena 
involved is the angiogenic process. Observations that NOS ex- 
pression is increased in fresh tumor tissue from gynecologic (11) 
and brain (33) neoplasms and that it can be generated in vitro by 
tumor cells (34,35) have suggested that NO may have a role in 
tumor growth and metastasis (14). We have recently reported 
that NO controls angiogenesis by modulating the activity of 
angiogenic factor released by tumor cells as VEGF (18,19). 

NOS activity is normally present in the upper and lower 
airway epimelia, where it plays a major role in host airway 
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Fig. 7. Angiogenesis induced by A-43 1 cell line, 
ceils stimulated for 24 horns before 
s (LPS) in 
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Fig. 6. Effect of the nitric oxide synthase (NOS) inhibitor A*"-nitro-L-argmine- 
m ethyl ester (L-NAME) on angfogenesis induced by tamor samples Sum head 
and neck cancer patients in the rabbit cornea. A) Patters of regression of tumor- 
indnccd angiogenesis by systemic NOS irjhibition. L-NAME (1 g/L) was given 
to the animals in the drinking water for 1 week from day 26 after tumor itnTfoK* 
(four fragments from two patients). B) Effect of systemic NOS inhibition in 
preventing tumor angiogenesis. Animals were treated with L-NAME for 1 week 
before surgery and for 12 days after corneal implant of tumor specimens. Neo- 
vascular growth in treated animals did not occur until up to 1 week after treat- 
ment discontinuation. The sample size was eight fragments from the tumor of 
four patients for bom of the two experimental animal groups. The efficacy of 
L-NAME administration was evaluated during and at the end of the treatment as 
acerylcboline-induced relaxation in rabbit aortic rings preconstneted with phen- 
ylephrine as previously described (27). Following 14 days from the beginning of 
the treatment, the vasorelaxation to 10 uJlf acetylcholine was 11% (95% confi- 
dence interval [CT] = 594-17%) in L-NAME-freated versus 68% (95% CI = 
60%-76%) in aortic rings from untreated animals (10 for each group). After 5 
days from me ending of L-NAME administration, vasorelaxation returned to 
normal levels (40% [95% Q = 34%-46%] relaxation, n = 8) (arrow in panel 
B). d = day. 



defense mechanism and as a potential mediator of the inflam- 
matory response (36,37). Our results indicate mat NOS activity 
in tumor tissue from patients with head and neck cancer is in- 
creased by threefold to fivefold. The rise in iNOS activity is 
differently distributed within the malig nant tissue, being higher 



10 ugtaL lipopoly- 
(open bars) and in rabbits pretaated with 
L-NAME (dotted bars). Systemic nitric oxide synthase (NOS) irdribttUm by 
L-NAME prevented and delayed angiogenesis. Data are expressed as angiogenic 
score over time (four implants for each oqierimental group). Table inset: in vitro 
treatment of the cells with 200 uM L-NAME reverted the angiogenic activity of 
IJS-stmTulated A-43 1 cells. Data are expressed as positive implants over total 
implants performed (four implants for each experimental group), d = day. 



at the invasive tumor edge than in the tumor core. The detection 
of increased NOS/cGMP activity at the tumor front area dis- 
closes the heterogeneity of the metabolic demand/function of 
this signaling cascade within the tumor mass (38). We demon- 
strate mat increases in NOS activity, cGMP levels, and mi- 
crovessel density are highly correlated with the metastatic phe- 
notype of bead and neck cancer at the tumor periphery. 

At the interface between tumor and host normal tissue, re- 
modeling of the extracellular matrix and increased angiogenesis 
take place (39). Multivariate analysis confirms that the intensity 
of vascularity and cGMP levels at the invasive edge of the tamor 
correlate independently with the probability of metastasis from 
the other clinical and biologic features analyzed. Thus, a direct 
link between increased NOS/cGMP activity and angiogenesis 
with a more aggressive and metabolically active tumor cell sub- 
population can be postulated, indicating a central role of NO 
production by head and neck cancer in influencing the risk of 
regional metastasis through neoangiogenesis. 

The hypothesis mat the increased NOS activity of tumor tis- 
sue is a key factor in promoting angiogenesis is demonstrated by 
the experiment in which tumor fragments are tested in the rabbit 
cornea. Consistent with angiogenesis being a risk factor for ta- 
mor spread, tumor samples from patients with lymph node me- 
tastases exhibit a higher angiogenic activity in rabbit corneas. 
Inhibition of angiogenesis is being proposed as a new approach 
to control tumor growth and prevent metastasis (4). The angio- 
genesis induced by head and neck tumor fragments is sensitive 
to NOS inhibition. Persistent vasodilation is a specific feature in 
tumor vasculature that also appears to be unresponsive to vaso- 
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constrictor agents because of increased NOS activity (40). The 
rapid regression of tumor angiogenesis under systemic NOS 
inhibition reported here proves that the tumor vasculature in the 
proliferative state of angiogenesis is highly susceptible to NOS 
inhibition and regresses. Wc recently documented mat NO sus- 
tains endothelial proliferation by inducing the expression of en- 
dogenous basic fibroblast growth factor (29). In the presence of 
NOS inhibition, endothelial cells do not produce basic fibroblast 
growth factor that can act as a survival factor, possibly modu- 
lating apoptosis. Therefore, while NOS inhibition can affect tu- 
mor growth by reducing blood flow via vasoconstriction (41), it 
is also likely mat mis treatment induces apoptosis in proliferat- 
ing endothelium by interfering with the autocrine survival 
mechanism of endothelial cells, ultimately leading to suppres- 
sion of tumor blood supply. We have demonstrated that the NOS 
inhibitor L-NAME is able to prevent tumor angiogenesis. In 
fact, as long as NOS is inhibited in the host tissue, neovascu- 
larization is not promoted by the tumor tissue or by the epider- 
moid cell line. Once the NOS activity is re-established (Le., 
released from inhibition) in the host, tumor angiogenesis starts 
again, suggesting that, like other antiangiogenic drugs, NOS 
inhibitors require long-term administration to control angiogen- 
esis. 

Although a body of evidence indicates a definite role for NO 
in tumor growth, the end point of increased NO production 
within the tumor mass is controversial (42). In experimental 
models, NO facilitates tumor growth and vascularization 
(14,43). Conversely, increased production of NO by tumor cells 
causes lysis of bystander cells (44). Our findings suggest that the 
up-regulation of NOS is a crucial point in the multistep process 
of head and neck cancerogenesis, being associated with the ac- 
quisition of an angiogenic and metastatic phenotype. Although 
we cannot provide a definite explanation for the mechanism by 
which NO controls angiogenesis in head and neck cancer, there 
are suggestive observations. The involvement of the p53 tumor 
suppressor gene in the regulation of NOS expression (45) and 
angiogenesis (46) raises the possibility that the p53 mutation 
found in approximately 50% of head and neck cancers (47) 
could result in an increase in NO production and, thus, in NO- 
related angiogenesis, ultimately leading to tumor progression. 
The existence of a link between VEGF and NO in different 
biologic settings is also increasingly recognized (18,19,48). 
VEGF expression correlates with increased vascularity and ma- 
lignant progression, an event mat is likely to occur in head and 
neck cancer patients (49,50). We recently reported that breast 
carcinoma cells overexpressing VEGF require the NO pathway 
to induce angiogenesis in vivo (19) and that NO is an upstream 
signal in the molecular cascade following KDR (kinase domain 
region) receptor activation in vascular endothelium (51). Thus, 
NO production by squamous cell carcinoma could possibly con- 
trol VEGF expression and fate within the tumor. 

In conclusion, this study documents that a strong correlation 
exists between the activity of the NOS pathway, angiogenesis, 
and metastatic behavior in head and neck cancer. Despite the 
evidence that assessment of microvessel counts correlates with 
prognosis in several solid tumors, the pathologic assessment of 
vascular density does not currently give information about the 
biochemical pathway involved in tumor angiogenesis and cannot 
be readily used for monitoring of therapeutic effects or give an 



overall assessment of angiogenesis. On the basis of the results 
reported here, we suggest that monitoring NOS activity might 
provide farther information regarding the biologic behavior of 
head and neck cancer in relation to angiogenesis and tumor 
spread. 
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Nitric oxide: a key mediator in the early and late phase of 
carrageenan-induced rat paw inflammation 
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1 The role of nitric oxide (NO) derived from constitutive and inducible nitric oxide synthase (cNOS 
and iNOS) and its relationship to oxygen-derived free radicals and prostaglandins (PG) was investigated 
in a carrageenan-induced model of acute Mndpaw inflammation. 

2 The intraplantar injection of carrageenan elicited an inflammatory response that was characterized by 
a time-dependent increase in paw oedema, neutrophil infiltration, and increased levels of nitrite/nitrate 
(NOr/NOj-) and prostaglandin ^(PGEJ in the paw exudate. 

3 Paw oedema was maximal by 6 h and remained elevated for 10 h following carrageenan 
administration. The non-selective cNOS/iNOS inhibitors, N°- mcnomethyl-L-argmine (L-NMMA) and 
N°-nitro-L-arginine methyl ester (L-NAME) given intravenously (30-300 mg kg -1 ) 1 h before or after 
carrageenan administration, inhibited paw oedema at all time points. 

4 The selective iNOS inhibitors, N-immcetiiyt-L-lysrae (l^NIL) or aminoguanidine (AG), failed to 
inhibit carrageenan-induced paw oedema during the first 4 h following carrageenan administration, but 
inhibited paw oedema at subsequent time points (from 5- 10 h). iNOS mRNA was detected between 3 to 
10 h following carrageenan administration using ribonuctease protection assays. iNOS protein was first 
detected 6 h and was maximal 10 h following carrageenan administration as shown by Western blot 
analysis. Administration of the iNOS inhibitors 5 h after carrageenan (a time point where iNOS was 
expressed) inhibited paw oedema at all subsequent time points. Infiltrating neutrophils were not the 
source of iNOS since pretreatment with colchicine (2 mg kg -1 ) suppressed neutrophil infiltration, but did 
not inhibit die iNOS mRNA expression or the elevated NOT/NO," levels in the paw exudate. 

5 Inhibition of paw oedema by the NOS inhibitors was associated with attenuation of both the 
NOr/NOr and PGEj levels in the paw exudate. These inhibitors also reduced the neutrophil 
infiltration at the site of inflammation. 

6 Recombinant human Cu/Zn superoxide dismutase coupled to polyethyleneglycol 
(PEGrhSOD;12 x 10 3 u kg -1 ), administered intravenously cither 30 min prior to or 1 h after carrageenan 
injection, inhibited paw oedema and neutrophil infiltration, but had no effect on NOr/NOr or PGE 2 
production in the paw exudate. The administration of catalase (40 x 10* u kg -1 ), given mtraperitoneally 
30 min before carrageenan administration, had no effect on paw oedema. Treatment with 
desferoxamine (300 mg kg" 1 ), given subcutaneously 1 h before carrageenan, inhibited paw oedema 
during the first 2 h after carrageenan administration, but not at later times. 

7 These results suggest that the NO produced by cNOS is involved in the development of inflammation 
at early time points following carrageenan administration and that NO produced by iNOS is involved in 
the maintenance of the inflammatory response at later time points. The potential interactions of NO with 
superoxide anion and PG is discussed. 

Keywords: Acute inflammation; nitric oxide synthase inhibitors; superoxide anion; peroxynitrite; carrageenan 



Carrageenan-induced paw oedema is a useful model to assess 
the contribution of mediators involved in vascular changes 
associated with acute inflammation. The development of oe- 
dema in the rat Mndpaw following the injection of carrageenan 
has been described as a triphasic event in which various med- 
iators operate in sequence to produce this inflammatory re- 
sponse (Vinegar et al, 1969). The initial phase of oedema (0- 
1 h), which is not inhibited by non-steroidal anti-inflammatory 
drugs such as indomethacin or aspirin, has been attributed to 
the release of histamine, 5-hydroxytryptamine (5-HT) and 
bradyltinin (Di Rosa et al., 1971). In contrast, the second ac- 
celerating phase of swelling (1 -6 h), has been correlated with 
the elevated production of prostaglandins (PG, Di Rosa & 
Willoughby, 1971; Di Rosa et al„ 1971), and more recently has 
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been attributed to the induction of inducible cyclo-oxygenase 
(COX-2) in the hindpaw (Seibert el al., I 994). Local neutrophil 
infiltration and activation also contribute to this inflammatory 
response (Di Rosa & Sorrentino, 1968; Vinegar et al., 1971; 
Boughton-Smith et al., 1993) by producing, among other 
mediators, oxygen-derived free radicals such as superoxide 
anion (Qi~) and hydroxy! radicals (see Fantone & Ward, 1982 
for review). 

Another important mediator in acute and chronic in- 
flammation is nitric oxide (NO). NO is generated via the oxi- 
dation of the terminal guanidino nitrogen atom of L-arginme 
by the enzyme, nitric oxide synthase (NOS). Three major iso- 
forms of NOS have been identified. Two expressed con- 
stitutively, are caldum/cahnodulm-dependent and are 
classified together as constitutive NOS isoforms (cNOS). The 
third is a cytokine-inducible, cafcium/cahnodulin-indcpendcnt 
isoform of NOS (iNOS) (see Moncada eta., 1991; Moncada & 
Higgs, 1993 for reviews). NO is a potent vasodilator, its in- 
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volvement during an inflammatory response may be related to 
its ability to increase vascular permeability and oedema 
through changes in local Hood flow (see Moncada et a!., 1991; 
Moncada & Higgs, 1993 for reviews). Furthermore, NO has 
been shown to increase the production of pro-inflammatory 
prostaglandins in in vitro (Retted el d„ 1992; Satvemini et al^ 
1993; Inoue et of., 1993; Corbett et al., 1993; Davidge et al., 

1993) , ex vivo (Salvemini et aL, 1994; Sautebin & Di Rosa, 

1994) and in vivo studies (Salvemini et al., 1995a,b; Sautebin et 
al., 1995), potentially by S-nitrosation of cysteine residues in 
the catalytic domain of cydo-oxygenase (COX) enzymes 
(Hajjare/a?., 1995). 

In addition, NO can also react with superoxide anion to 
form peroxynitriie (ONOO~), a potent oxidizing molecule 
capable of eliciting lipid peroxidation and cellular damage 
(Beckman et al., 1990; Radi et aL, 1991; Rnbbo et aL, 1994). 
These findings suggest that NO has the ability to exert multiple 
cytotoxic effects during inflammatory responses including an 
increase PG production as well as the formation of ONOO~. 

The interactions between NO, free radicals and the COX 
pathway in acute inflammation are poorly defined. NO ap- 
pears to be involved in the acute inflammatory response fol- 
lowing the intraplantar injection of carrageenan into the rat 
hindpaw as non-selective cNOS/iNOS inhibitors such as N°- 
monomethyl-L-arginine (L-NMMA) attenuate oedema at the 
early times (up to 3 h) following carrageenan administration 
(latent! et aL, 1992). However, the effects of NOS inhibitors at 
later times after the onset of the inflammatory response have 
not been investigated and the role of iNOS in this model of 
inflammation is not known. Therefore, we have used this 
model of acute inflammation induced by the injection of car- 
rageenan into the rat hindpaw to assess the roles of con- 
stitutive and inducible nitric oxide synthase in the progression 
of the inflammatory response, as well as to study the re- 
lationship that may exist between NO, prostaglandins and 
oxygen-derived free radicals. 



Methods 

Carrageenan paw oedema 

Male Sprague-Dawley rats (175-200 g, Harlan Sprague 
Dawley, Indianapolis, IN, U.SA.) were housed and cared for 
under the guidelines of the institutional animal care and use 
committee. They received a subplantar injection of carragee- 
nan (0.1 ml of a 1% suspension in 0.85% saline) into the right 
hind paw. Paw volume was measured with a plethysmometer 
(Ugo-Basile, Varese, Italy) immediately prior to the injection 
of carrageenan and thereafter at hourly intervals for 10 h. 
Oedema was expressed as the increase in paw volume (ml) after 
carrageenan injection relative to the pre-injection value for 
each animal. Unless specified, drugs were administered in- 
travenously in a volume of 2.5 ml kg, either I h before or 1 h 
after carrageenan injection. 

Determination of nttritefnitrate and prostaglandin E 3 
from carrageenan-injeeted rat paws 

At specified times alter the intraplantar injection of carragee- 
nan, rats were killed and each paw was cut at the level of the 
calcaneus bone. Paws were gently centrifuged at 250 g for 
20 min in order to recover a sample of the ©edematous fluid. 
The volume of fluid that was recovered from each paw was 
measured. Blood was removed from the fluid sample by fil- 
tering through a 10,000 moL wt. cut-off filter (MilHpore, 
Bedford, MA, U.S. A.). Nitrite/nitrate (NOr/N0 3 _ ) con- 
centrations were measured by the diammonapthalene (DAN) 
assay as described (Misko et al., 1993b). Nitrate in the paw 
fluid samples (10 fi\) was converted to nitrite by the incubation 
with nitrate reductase (14 mil) and the reduced form of nico- 
tinamide adenine dinucteoude phosphate (1 nmol) for 10 min 
at room temperature. The reaction was terminated by dilution 



with water and addition of the DAN reagent NO^/NO," 
concentrations were then determined fluorometrically (Misko 
et aL, 1993b). The PGE 3 concentration in each paw fluid 
sample was determined by specific ELlSAs (Cayman Chemi- 
cals, Ann Arbor, MI, U.S.A.). All determinations were per- 
formed in duplicate. Total fT) NO^/NOj - or PGEj present 
in the entire oedematous fluid of each paw was calculated as 
follows: 

T m pmol nitrite/nitrate or ng PGE2 in the impli x pwr oodema volume(ml) 
upfevDhuaKm]) 

Results are expressed as nmol NOT/NO," or ng PGEj/ 
paw. 

Myeloperoxidase assay 

Myeloperoxidase (MPO), a hacmoprotcin located in azurophil 
granules of neutrophils, has been used as a biochemical marker 
for neutrophil infiltration into tissues (Bradley et al., 1982). In 
the present study, MPO was measured photometrically by a 
method similar to that described previously (Latght et al., 
1994). At the specified times following the intraplantar injec- 
tion of carrageenan, tissue from the pads of the rat hindpaw 
was removed with a scalpel and 5 mm pieces were then ob- 
tained with a tissue punch (5 mm punch from Roboz, Rock- 
viBe, MD, U.SA.). Each piece of tissue was homogenized in 
1 ml of 50 mu phosphate buffer, pH 6, containing 0.5% 
hex adecy Itrimcthy lammonium bromide (HTAB). The homo- 
genized rat paw tissues were frozen (on dry ice) and thawed 
(immersion in warm water, 37°Q three times. Following cen- 
trifugation at 35,000 g for 20 min, 7 al ahquots of each of the 
supematants were mixed in wells of a 96 well plate with 200 pA 
of assay buffer (50 mM phosphate buffer, pH 6. containing 
0.5% HTAB, 0.167 mg ml-' O-dianiridine Iiydrochloridc and 
0.0005% hydrogen peroxide). Changes in absorbance at 
460 nm were measured speclropbotomelrioally over S min. 

iNOS nuclease protection assay 

At various times following the intraplantar injection of car- 
rageenan, rats were killed and paws were removed, im- 
mediately frozen on dry ice and stored at -80*C. RNA was 
prepared from the paws by first pulverizing the frozen paws 
into a fine powder. The frozen powder was then partially so- 
lubiKzed in a denaturing solution containing 4 M guanidine 
thiocyanate (Fluka), 25 mM Na citrate, and 0.5% sarcosyl 
(Sigma, St. Louis, U.S A.). The RNA was extracted by a series 
of phenol/chloroform extractions (Gibco BRL/Fisher, U.SA.) 
and was then precipitated with ethanol. The purified RNA 
pellet was solubilized in water and stored at -80°C. RNA 
integrity was assessed by gel electrophoresis. A rat iNOS (ri- 
NOS) probe was prepared for use in the protection assay. 
Briefly, a 196 bp fragment corresponding to bases 3 176 (Pst) to 
3372 (EcoRV) of the rat iNOS DNA sequence (GenBank ac- 
cession No. U03699.Gb_Ro) was amplified by RT-PCR using 
RNA isolated from inflanwl tat granulomatous air pouch 
tissue expressing iNOS mRNA and protein (Salvemini el al., 
1995a). This fragment was purified and cloned into a pGEM 
5Z transcription vector (Promega). A "P antisense RNA 
transcript was generated using Promega's Riboprobe Gemini 
System n Buffers to detect the riNOS mRNA isolated from the 
paw. The ribonuclease protection assay was performed using 
the RPA n kit (Ambkm) essentially as described by the 
manufacturer. The racUolabelled riboprobe was purified on a 
7 M urea, 8% polyacrylamide sequencing gel (Biorad). The gel 
slice containing the purified probe was eluted for 2 h at 37°C 
(buffer provided in the Ambion kit). Ten micrograms of paw 
RNA was evaporated to dryness in 1.5 ml microfuge tubes and 
reconstituted in 20 jd of the hybridization buffer provided. The 
labelled probe (200,000 c.p-m.) was then added and incubated 
at 85°C for 10 min, then overnight at 45"C. Following the 
overnight incubation, 200 ;d of a 1 :50 dilution of RNase A/T 1 
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in RNase digestion buffer was added for 30 min in order to 
degrade all of the RNA which did not hybridize to the probe; 
300 pi of the RNase inactivation/precipitation solution con- 
taining carrier was then added to each tube and allowed to 
precipitate for 30 min at -20°C Following centrifugation, the 
protected RNA was mixed with 5 /d of gel loading buffer, 
heated to 90°C for 3 min, then separated on a 7 M urea, 8% 
polyacrylamide sequencing gel. The gel was then exposed to X- 
ray film for one to three days at -80°C. 

Determination ofiNOS protein by Western blot analysis 

Soft tissue was removed from individual rat paws and homo- 
genized in lysis buffer containing 10 mM N-f2-hydro- 
xyethylpipeiazme>N4ethanesuh?hf)iiic acid] (HEPES), 
pH 7.5, 100 t*M cthyienediamine tetmacetic acid (EDTA), 

1 mM dithiothreitol (DDT), 2 uM tetrahydrobiopterin (THB), 

2 fOA flavin adenine nucleotide (FAD), 25 om calmodulin, 
0.5 mM phenymethylsulphonyl fluoride (PMSF), 10 fM leu- 
peptin, 1.5 tm pepstatin A, and 10 pg ml" 1 soybean trypsin 
inhibitor (SBTI). The homogenates were centrifuged at 
12,000 g for 1 h at 4°C, then supernatant* were fractionated on 
a 1.0 mm, 8% polyacrylamide Tris glycine gel (Novex, San 
Diego, CA U.SA.). Proteins were transferred to Hybond ECL 
Nitrocellulose (Amershara, Arlington Heights, IL, U.SA.) for 
2 h at 100V at 4 a C in a Bio-Rad Mini Trans-Blot cell in 25 mM 
Tris, 192 mm glycine (Novex, San Diego, CA, U.SA.). The 
transfer buffer was replaced after 1 h. Following transfer, the 
membrane was blocked for 1 h at room temperature with 10% 
nonfat dry milk in Tris buffered saline tween (TBST; 20 mM 
Tris, 500 mM Nad, pH 7 3, 0.1% Tween 20). Polyclonal an- 
tiscra 587 was obtained from New Zealand White rabbits 
immunized with a synthetic peptide corresponding to amino 
acids 1 124- 1144 of mouse iNOS conjugated to thyroglobulin. 
Primary antibody was diluted 1 : 2000 in 2.5% nonfat dry milk 
in TBST and incubated overnight with the membrane at 4°C. 
The blot was washed for 1 -1 h with several changes of 2.5% 
nonfat dry milk in TBST, then incubated with a 1 : 2000 di- 
lution of goat anti-rabbit IgG secondary antibody conjugated 
to horseradish peroxidase (Biorad, Melville, NY, U.SA.) in 
2.5% nonfat dry milk in TBST for 1 h at room temperature. 
The membrane was then washed twice for 15 min with 2.5% 
nonfat dry milk in TBST, then washed twice for 15 min with 
TBST (no milk, increasing the Tween concentration to 0.3%). 
The immunoreactive proteins were detected by enhanced chc- 
milumincsccncc (ECL) using Hypcrfilm and ECL reagent 
(Amersham, Arlington Heights, IL, U.S.A.). 

Immunohistochemical localization of iffOS and 
nitrotyrosine 

Immunohistochemical staining for iNOS and nitrotyrosine was 
performed on 8 /tm frozen sections of hindpaws obtained from 
rats perfused with Hanks balanced salt solution containing 
20 mM HEFES and I % formaldehyde. Tissue sections were air 
dried for 5 min and were post-fixed with 1 % formaldehyde for 
5 min at room temperature. For single staining, non-specific 
staining was blocked with 3% normal goat serum in 0.5 m 
Tris-HO, pH 7.4, containing 1% Triton X-100, 1 h at room 
temperature. Alt subsequent incubations were carried out in 
this buffer. For detection of iNOS immunoreactivity, tissue 
sections were incubated for 16 h at 4°C with a 1/1000 dilution 
of either preimmune rabbit sera, the an ti -iNOS antiserum 587 
described above, or antiserum 587 preadsorbed with rat in- 
ducible iNOS protein purified from inflamed air pouch. En- 
dogenous peroxidase activity was then reduced with periodic 
acid (Zymed Laboratories, Inc. San Francisco, CA, U.SA.) 
for 45 s at room temperature followed by sequential incuba- 
tions with biotraylated anti-rabbit IgG and avidin-biotin-per- 
oxidase complex (ABC, Vector Laboratories, Inc., 
Burlingame, CA, U.S.A.) for 2 h each. The reaction product 
was visualized using 3,3'-diamraobenzidine intensified with 
nickel chloride for 6 min. For detection of nitrotyrosine im- 



munoreactivity, tissue sections were incubated for 16 h at 4"C 
with a 1/1000 dilution of either preimmune serum, an anti- 
nitrotyroWne polyclonal rabbit serum generated to nitrated 
keyhole limpet haemocyanin, or the anti-nitrotyrosine serum 
and excess nitrotyrosine (10 mM), followed by sequential in- 
cubations with biotinylated anti-rabbit IgG and avidin-biotin- 
glucose oxidase complex (ABC, Vector Laboratories, Inc., 
Burlingame, CA, U.SA.) for 2 h each. The reaction product 
was visualized using tetranitroblue tetrazolium for 10 min. 
Sections were counterstained with Mayer's haematoxyfin, 
mounted, and photographed using bright field microscopy. 
For double immunohistochemical localization of iNOS and 
nitrotyrosine, sections were post-fixed in 1% formaldehyde for 
5 min and non-specific staining was blocked by incubating 
with PBS containing 10 mM tyrosine, 1% BSA, 0.2% pow- 
dered skim milk and 0.3% triton-X 100 (PBS-BB) for 30 min 
at room temperature. Sections were then incubated with a 1/ 
500 dilution of antiserum 587 in PBS-BB at 4°C overnight. 
Staining for iNOS was localized using a 1/200 dilution of Cy3- 
conjugated donkey anti-rabbit IgG (Jackson Im- 
muno Research, West Grove, PA U.SA.) in PBS-BB. Next, 
sections were incubated with a 1/500 dilution of the anti-ni- 
trotyrosine serum in PBS-BB and staining was localized using 
a 1/200 dilution of DTSF-conjugated-goat anti-rabbit IgG 
(Jackson ImmimoResearch, West Grove, PA, U.SA.) Specific 
staining was visualized with epifluorescence. 

Materials 

Male Sprague Dawtey rats were purchased from Harlan 
Sprague-Dawley (Indianapolis, IN, U.SA.) and were housed 
and cared for in accordance with the guidelines of the Institu- 
tional Animal Care and Use Committee and in accordance with 
NIH guidelines on laboratory animal welfare. 2,3-Diamino- 
naphthalene was purchased from Aldrich (Milwaukee, WI, 
U.SA.). Human polymorphonuclear leukocyte myeloperox- 
idase was obtained from Calbiochem (La Jolla, CA, U.SA.) 
and recombinant human Cu/Zn superoxide dismutase coupled 
to polyethylenegtycol (PEGrhSOD) was obtained from DDI 
Pharmaceuticals Inc. (Mountain View, CA, U.S.A.). All other 
chemicals and reagents were obtained from Sigma (St Louis, 
MO, U.S. A.). N-immoethyt-L-lysine (L-NIL) was synthesized 
in house as described previously (Connor et at., 1995). 

Statistical analysis 

Results are expressed as mean±s.e.mean for («) rats. The re- 
sults were analysed by Student's unpaired / test to determine 
the significant differences between means, or by a two-way 
ANOVA followed by a least significant procedure to determine 
the nature of this response. A P value of < 0.05 was considered 
to be statistically significant. 



Results 

Time-dependent increase in paw volume, NOflNOj-. 
PGEi and neutrophil infiltration 

The intraplantar injection of carrageenan in rats ted to a time- 
dependent increase in paw volume that was maximal after 6 h 
and remained elevated thereafter for 10 h (Figure lb). The in- 
crease in paw volume was associated with an elevated produc- 
tion of N02~/N0 3 ~ in the paw exudates. This increase in 
NO^/NOj" was observed within 30 min (from 
0.5 ± 0.05 mnol/paw to 16.2 ±4 nmol/paw, n=6), remained 
constant for the subsequent 3 h and then increased further at 6 
and 10 h following carrageenan administration (Figure 2a). The 
increase in N0 1 ~/N0 3 ~ at 6 hand thereafter is likely due to the 
activity of iNOS. iNOS mRNA was detected at 3 and 10 h by 
ribonuclease protection assays (Figure la) and tNOS protein 
was detected at 6 h and was maximal by 10 fa following carra- 
geenan administration by Western blot analysis (Figure la). 
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time (h) after carrageenan 
Fffewe 1 TaacJcpcnAm. increase (0 to 10 h) in paw volume 
following carrageenan administration. The injection of c&iragtcnao 
caiued a tune-dependent increase in paw volume that reached a 
maximum within 6-10h (b; each point it the mean ±s.e. mean for 6 
experiments). iNOS mRNA wai cxprened in the paw time within 
3h after carrageaan and reached a mamnum by 10 h (a). iNOS 
protein was detected by Western blot analytii at 6 h and also readied 
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i also associated with neutrophil 
infiltration as measured by an increase in MPO activity in the 
paw tissue (from 214±12 to 3636 ±5 mu MPO/paw. n-6). 
Infiltrating neutrophils were found not to be the source of 
iNOS-derived NO. Treatment of rats with a subcutaneous 
injection of colchicine (2 mg kg -1 , 2 h before carragecnan 
administrntiori; Boughton-Smith et al., 1993), suppressed paw 
volume by at least 70% at all time points. Paw volume, mea- 

from 1.4±0.07 ml to 0.3±0.03 ml (n-6), and was associated 
with inhibition of neutrophil infiltration. MPO values de- 
creased from 3636±5 mu/paw to 4±0.1 mu/paw (»=6). 
However, at the same time, ribonudease protection assays 
demonstrated that the elevated expression of iNOS mRNA 
was unaltered by the colchicine treatment (not shown). In 
addition, this corresponded with a failure of colchicine to re- 
duce the production of NOj'/NOj" in paw exudate (from 
40±7 to 41 ±3 mnol/paw, «=6). 

The paw tissues were also examined imraunohistocbem- 
ically for the presence of iNOS and nitrotyrosine (a marker for 
pcroxynitritc formation). Irrrmunohis tocbemical analysis of the 
paw tissues of control animals showed no iNOS or nitrotyr- 
osine staining (Figure 3a and d). In contrast, 6 h following 
i, iNOS-Elce immunoreactrvity was 
inflamed paw tissue (Fig- 
ure 3b). This staining was specific for iNOS as it was com- 
pletely eliminated by incubation of the iNOS antiserum with' 



i rat iNOS (Figure 3c). Based upon mor- 
phology and EDI positive staining (not shown), the iNOS 
immunoreactivity was localized primarily to macrophage-likc 
cells present in the inflamed paw tissue. Staining for nitrotyr- 
osine was also found to be localized within discrete celts in the 
inflamed paw tissue (Figure 3e). This staining was almost 
completely eliminated by incubation of the primary anti-tu- 
trotyrosine serum with 10 mM nitrotyrosine (Figure 30. Using 
double immunofluorescence staining for iNOS (Figure 3g, red) 
and nitrotyrosine (Figure 3h, green), the staining for iNOS and 
nitrotyrosine was localized primarily to the same cells (Figure 
3i, yellow-orange). 

Carragecnan also elicited a time-dependent increase in 
PGEj production which increased after 2 h, reached a peak by 
3 h and remained elevated thereafter (Figure 2b). 
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The non-selective cNOS/iNOS inhibitor, N°-mtro-l^aiginine 
methyl ester (l-NAME) (30-300 mg kg-') administered in- 
travenously 1 h before carragecnan 0=6), inhibited the paw 
oedema at all time points (Figure 4a). Complete inhibition of 
oedema formation was observed during the first hour. Paw 
volume measured after 1 h decreased from 0.4 ±0.01 ml in 
non-treated rats, to 0.3 ±0.01 ml, 0.08 ±0 ml and 0 ml in rats 
that received 30, 100 and 300 mg kg" 1 L-NAME, respectively 
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Figure 3 Immunohistocbemicai localization of iNOS and rutrotyrosine in the carrageens n-inlUmed rat hindpaw. Control (a,d) and 
carragccnaa-infiamed (all others) paw tissue sections were stained for iNOS or nitro tyrosine cither using avidin-btotin-gjucose 
oxidase (a-c), avidin-bk>Un-pcro»da*: (d-f) or indirect unmueofluorcscence (Cy3 or DFAP, g-i> based detection. Six hours after 
the intmplantar injection of cairageenan, iNOS-like immunoreactivity was localized to discrete cells within the inflamed paw tissue 
(b,g). Based upon morphology and EDI positive staining (not shown), iNOS was localized primarily to macrophage- like cells 
present in the inflamed paw tissue. Staining was absent in control tissue (a) or in inflamed tissue when the anti-iNOS antiserum was 
incubated with an excess of purified rat iNOS (c). Nitrotyrotine staining was also localized to discrete cells, similar in morphology to 
those expressing iNOS, within the inflamed paw tissue (tji). Staining was absent in control paw tissue (d) or in inflamed tissue when 
the anti-mitrotyrosme antiserum was incubated with 10 mM ritrotyrosine (0- Using double immunofluoKscent staining, the iNOS 
(red, g) and nitro tyrosine (green, h) staining were co-localized primarily to the same cells as indicated by the yellow-orange colour (i) 



(n=6). At subsequent time points, L-NAME produced a par- 
tial, dose-dependent inhibition of paw oedema. In order to 
determine whether NO maintained the oedema following the 
injection of cairageenan, rats were given an intravenous in- 
jection of L-NAME 1 h after the intraplantar injection of 
carrageenan; paw swelling was assessed thereafter every hour 
for 10 h. treatment with L-NAME (30-300 mg kg-', »=6) 
after the administration of carrageenan also reduced the in- 
crease in paw oedema in a dose-dependent manner (Figure 4b). 
Similar results were obtained with L-NMMA (30-300 mg 
kg" 1 , ii-6, Table 1 A and B). 

We next examined the role of iNOS by using two recently 
described selective iNOS inhibitors, L-NIL (Moore et a/., 
1994; Connor et at, 1995) and AG (Misko et al, 1993a; 
Griffiths et al., 1993; Wu et al., 1995). We previously char- 
acterized both the potency and selectivity of these inhibitors 
in vitro using purified rat brain cNOS and mouse macro- 
phage iNOS (Moore et at., 1994). l-NIL and AG are ap- 
proximately 30 fold more selective for the inducible than for 
the constitutive form of NOS, and L-NIL was approximately 
10 fold more potent than AG at inhibiting iNOS activity 
(Moore et al., 1994; Connor et al, 1995). Neither L-NIL 
(30 mg kg"', i.v., n=6) nor AG (300 mg kg -1 , it=6) pre- 
vented the increase in paw volume observed from 0 to 4 h 
following carrageenan administration. However, these drugs 
inhibited the paw oedema observed at subsequent times 
(Figure S). In addition, the administration of L-NIL (3- 
30 mg kg -1 , n=6) Sh after the onset of inflammation, a 
time when iNOS was clearly expressed (Figure 1), inhibited 



paw oedema in a dose-dependent fashion (Figure 6). Similar 
results were obtained with AG, but higher doses were re- 
quired to produce comparable effects (30- 300 mg kg" 1 , 
n=6, not shown). 

The effects of both non-selective and selective NOS in- 
hibitors on the production of NOj~/ f N0 3 " and PGEz in the 
paw exudate were also determined. Treatment with L-NMMA 
and L-NAME (300 mg kg"', n= 5) inhibited the NOT/NOT 
and PGE 2 production in paw exudate at both 3 (Figure 7a and 
8a) and 10 h (Figure 7b and 8b) after carrageenan adminis- 
tration. In contrast, L-NIL (30 mg kg -1 , n-5) and AG 
(300 mg kg' 1 , «=5) inhibited NOT/NO," and PGE^ release 
in paw exudate only at the 10 h time point (Figures 7b and 8b), 
but had no effect at 3 h following carrageenan adrmnistration 
(Figure 7a and 8a). Finally, treatment with the non-selective 
cyclo-oxygenase inhibitor, indomethacfai (10 mg kg" 1 , p.o.» 
given 2 h before carrageenan, n-6), inhibited paw oedema at 
2 h and at subsequent times (n=6, not shown), blocked PGEi 
production (Figure 8a and 8b), but had little effect on 
NOT/NQT production (Figure 7). 

Both the non-selective cNOS/iNOS inhibitors as well as the 
more selective iNOS inhibitors attenuated neutrophil infiltra- 
tion following carrageenan administration- Six hours after 
carrageenan treatment, MPO values decreased from 
3636 ±5 mu/paw in saline-treated rats to 150±15 mu/paw, 
138 ±10 mu/paw, 500 ±10 mu/paw and 570 ±15 mu/paw in 
rats treated with L-NMMA, L-NAME (300 mi kg"', n= 6), L- 
NIL (30 mg kg- 1 , n— 6) or AG (300 mg kg~\ it=6), respec- 
tively. 
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lima |h> after carragsenan 

Figwe 4 (a) Inhibition of carrageenan-induced paw oedema (•) by 
L-NAME at 30 (O), 100 (□) and 300 (A)mg kg" 1 when given 1 h 
before or (b) 111 after as indicated by the arrow. Results are 
expressed as the increase in paw volume (ml). Each point is the 
mean ± st.mean for it =6 animals. 



Effect of PEGrhSOD, catalase and desferrioxamine on 
paw volume, N0 3 -}NOr, PGE 3 and neutrophil 
infiltration 

To evaluate the roles of superoxide anions, rats were treated 
with PEGrhSOD. Treatment with PEGrhSOD (given at 
12 x 10 s u kg~\ 30 tain before carragcenan, n *» 6) inhibited the 
increase in paw oedema at all time points by at least 60% 
(Table 2). This antiinflammatory effect was associated with 
inhibition of neutrophil infiltration. MPO values decreased 
from 3636 ±5 rnu/paw in saline-treated rats to 597±20mu/ 
paw in rats treated with PEGrhSOD at 6 h after carragcenan 
(n-6). However, it did not affect the hKV/NO, - or PGEj 
production in the paw exudate («-6, not shown). The anti- 
innarnmatory effects that occurred with PEGrhSOD were also 
observed when the drug was given 1 h after carragcenan (Table 
2) supporting a previous study by Boughton-Smith et at. 
(1993). 

To evaluate the rotes of hydrogen peroxide and hydroxyl 
radicals, rats were treated with catalase and desferrioxamine 
respectively. Treatment with catalase (40x10* u kg"', i.p. 
30 min before carragcenan; Hirscheunann & Bekemeir, 1981) 
had no effect on the formation of oedema («=4, not shown). 



Treatment with desferrioxamine (300 mg kg -1 , sx.) 1 h before 
carragcenan, Boughton-Smith et al., 1993) inhibited paw oe- 
dema after the first hour by approximately 60% (n= 5) and 
after the second hour by 38% (n-5). However, no inhibition 
occurred at subsequent tunes (Table 2). 



Discussion 

The antiinflammatory effects of NOS inhibitors in acute and 
chronic models of inflammation have been and continue to be 
characterized. In view of the complex nature of the in- 
flammatory response, the determination of possible mechan- 
isms by which NO modulates this response will aid in 
designing novel and more efficacious NOS inhibitors. Two 
important discoveries have been made recently that may help 
to explain potential mechanisms of action of NO in in- 
flammatory conditions. The first observation is that NO sti- 
mulates COX activity resulting in the exaggerated production 
of pro-inflammatory PG (Salvemini et ai., 1993). The second is 
that NO can react with Ot~ to form the cytotoxic radical 
peroxynitrite (Beckman et of., 1990). 

In the studies described here, we examined the significance 
of these interactions in acute inflammation induced by the 
injection of carrageenan into the rat hindpaw. For clarity, the 
oedema occurring from 0-4 h is termed the 'early phase' and 
that occurring at subsequent time points (4-10 h) the 'sus- 
tained phase*. The non-selective cNOS/iNOS inhibitors (L- 
NAME and L-NMMA), whether given 1 h before or after the 
onset of inflammation, attenuated the oedema at all points 
indicating a role for NO in this inflammatory response. The 
degree of inhibition obtained during the first 2 h was re- 
markable, achieving approximately 90%. The oedema that 
occurs during the first hour results from the concomitant re- 
lease of histamine, 5- H I and kinins and is markedly inhibited 
(70-80%) by treatment with a combination of histamine, 5- 
HT and bradykinin receptor antagonists (Di Rosa et al., 1971). 
However, single administration of these receptor antagonists 
inhibits oedema by only 30-40% (Di Rosa et al., 1971). Thus 
the inhibitory effects of the non-selective NOS inhibitors is 
comparable to that achieved with a mixture of histamine, 5-HT 
and bradykinin receptor antagonists. 

In our present study using both molecular and pharma- 
cological tools, we have demonstrated that iNOS is expressed 
in this model within 4 h after injection of carrageenan and 
that its induction and the subsequent production of NO is 
involved in maintaining the oedema during the sustained 
phase of the inflammatory response. Both AG and L-NIL, 
two recently described iNOS inhibitors (Misko et at, 1993a; 
Griffiths « al., 1993; Moore et al., 1994; Connor et al, 1995; 
Wu et al., 1995) failed to inhibit carrageenan-induced paw 
oedema during the first 4 h of the response but inhibited paw 
oedema at all subsequent times (from 4 to 10 h, Figure 5). In 
addition, iNOS mRNA was detected between 3 and 10 h 
after carrageenan administration by ribonuckase protection 
assays and iNOS protein was detected at 6 h, and was 
maximal at 10 h by Western blot analysis. iNOS-like im- 
munoreactivity was also localized to macrophage-like cells 
within the inflamed paw tissue, but not in neutrophils, sug- 
gesting that resident macrophages in inflamed paw tissue and/ 
or infiltrating monocytes arc the source of iNOS-derived NO. 
The therapeutic administration of the selective iNOS in- 
hibitors, l-NIL or AG, at a time when iNOS activity was 
initially detected, prevented the subsequent increase in oede- 
ma indicating that NO generated by iNOS maintains oedema 
during the later stages of the inflammatory response. When 
compared to L-NIL, higher doses of ammoguanidine were 
required to exert anti-inflammatory effects, consistent with 
the fact that L-NIL is a more potent inhibitor of iNOS in in 
vitro studies (Moore et al., 1994). In addition, the detection 
of nitrotyrosine immunoreactivhy within the inflamed tissue, 
primarily localized to the same cells as those expressing 
iNOS, suggests that peroxynitrite is formed during this re- 
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Tabic 1 InUUtioai of carragecnau-mdnccd paw oedema by L-NMMA (30 -300 rag kg" ') given either Ih before (A) or 1 h after (B) 
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are expreaed u the increase in paw volume (ml). Each point ii the mean ±t*. mean for »-6 ammab. *.P<0.05 compared to 




Time (h) after oerrageenen 
Ha™* 5 Inhibition or cartBeeenart-induced paw oedema (•) by L- 
NIL (30 rag kg" 1 , □) or AG (300 mg kg"* 1 , £). Drags were given 
i.v. 1 h before canageenan. Results are expressed u the increase in 
paw volume (ml). Each point is the inean±s.ejnean for n-6 
animals. 



sponse and may be responsible for inducing a portion of the 
tissue damage in the hindpaw. Importantly, the anti-in- 
flammatory effects of the iNOS inhibitors were found to be 
independent of changes in arterial blood pressure. The non- 
selective NOS inhibitors on die other hand raise arterial 
blood pressure and this could account for some of their 
ability to attenuate the oedema response to canageenan. 

The involvement of cNOS in the early phase and of iNOS 
during the sustained phase of the oedematous response was 
also demonstrated by the differential ability of L-NMMA or 
L-NAME and L-NIL or AG to inhibit NOT/NO," pro- 
duction in the paw exudate. Three hours after carragecnan 
injection (a time point where iNOS was not expressed), 
NOj-/NO,- production was inhibited by L-NMMA or L- 
NAME, but not by L-NIL or AG suggesting that the NO 
generated in the early phase originated from cNOS activa- 
tion. In contrast, the production of NO3-/NO3- in the paw 
exudate at the 10 h tunc point (when iNOS wag expressed) 
was inhibited not only by L-NMMA or L-NAME, but also 




0 2 4 a 8 10 12 



Urns (h) After CeWFAQMnflft 

Flam 6 Inhibition of carrageeoan-induced pav/ oedema (•) by L- 
NIL atMQ), 10 (□) or 30(A)mg kg -1 . L-ML wa»giv«^5-h after 

increase in paw volume (ml). Each point is the mcaa±9.ejnean for 



by L-NIL or AG, indicating that iNOS was responsible for 
the enhanced production of NO during the sustained phase 
of the response. 

Prostaglandins are also important mediators of acute in- 
flammation. Previous studies have demonstrated that al- 
though PGs do not contribute initially to the oedema 
occurring 1 h after canageenan administration, their pro- 
duction docs produce some of the inflammation within the 
second hour and at subsequent time points (Di Rosa tt aL, 
1971; Seibert tt a!., 1994). The inducible isoform of cyclo- 
oxygenase (COX-2) appears to be responsible for PG pro- 
duction under these circumstances (Seibert el al., 1994). In- 
terestingly, as shown in Figure 8, the inhibition of NO 
generation by NOS inhibitors during both the early and 
sustained phase of oedema was associated with a reduction in 
PG production. We have recently reported that in both in 
vitro and in vivo studies, NO activates COX-1 and COX-2 
resulting in an enhanced production of PG. In addition, NOS 
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Figure 7 Effects of NOS inhibitors or mdomethacm on 
NOj~/NOj~ production at 3 (a) and 10 (b)h after carrageenan 
administration. The non-selective NOS inhibitors (l-NAME, l- 
NMMA) inhibited NOT/NO,," production at 3 and lOh (a and 
b), whereas the selective iNOS inhibitors (L-NIL or AG) inhibited 
NOi~/N0 3 J production only at the lOh time point (b). Indomctha- 
era had no effect (a and b). Each point is the mean+s.e.mean for 
n=6 experiments. 



inhibitors inhibit PG formation (Salvcmini et a/., 1993; 
1995a,b), a finding that has now been confirmed in a number 
of other studies (Inoue et al., 1993; Corbett et a!., 1993; 
Sautebin & Di Rosa, 1994; Sautebin et al., 1995). The in- 
hibition of PG production by NOS inhibitors does not ap- 
pear to be due to the direct inhibition of COX activity or PG 
isomerase activity (Salvemini et al., 1993; 1994). It appears 
likely that NO derived from cNOS enhances PG formation at 
the early time points and NO derived from iNOS enhances 
PG production at the later times. 

Carrageenan-induced paw oedema is neutrophii-dependent 
(this study; Di Rosa & Sorrentino, 1968; Vinegar et «/., 1971; 
Boughton-Smith et al., 1993). As was observed previously in 
the carrageenan-induced air pouch model of inflammation 
(Salvemini et al., 1995a), it seems that early in the in- 
flammatory response in the hindpaw, infiltrating neutrophils 
are not the source of iNOS-dcrived NO since the anti-in- 
flammatory effects of colchicine were not associated with in- 
hibition of NO. Activated neutrophils, are an excellent source 
of oxygen-derived free radicals which have been implicated in 
many models of acute inflammation in which there is a neu- 
trophii-dependent increase in vascular permeability (see Fan- 
tone & Ward, 1982 for review). As previously reported by 
others (Hirscnelmann & Beckemein, 1981; Boughton-Smith et 
al., 1993), we found that the removal of Oj - by PEGrhSOD 
significantly inhibited the paw oedema. Furthermore. 
PEGrhSOD also inhibited neutrophil infiltration, a result that 
is consistent with a role for 0 2 ~ in mediating neutrophil ad- 
hesion and infiltration (Schraufstatter et at., 1987; Warren et 
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Figure 8 Effects of indomethacin or NOS inhibitors on PGE 2 
production at 3(a) and 10(b)h after the administration of 
carrageenan. PGE, production at 3 and 10h was completely inhibited 
by treatment with indomethacin (a and b). POEj release at 3 and 10 h 
was also attenuated by the non-selective NOS inhibitors (L-NAME, 
L-NMMA), whereas the selective iNOS jnhibitors (l-NIL. AG) 
attenuated PGE 2 production only at the lOh time point (b). Each 
point is the mean+s.e.mean for n-6 experiments. 
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Figure 9 Proposed model of mechanistn(s) of action of NO in 
carrageenan-induced acute inflammatory response in the rat hindpaw. 



al., 1 990), PEGrhSOD failed to affect NO and PG production, 
providing further evidence that infiltrating neutrophils do not 
contribute to the production of these mediators. Removal- of 
hydrogen peroxide by catalase had no effect and removal of 
hydroxyl radicals by desferoxamine inhibited oedema weakly 
only at the first hour. These results suggest that 0 2 ~ rather 
than hydrogen peroxide or hydroxyl radicals are key players in 
the inflammatory response. 

The interactions between NO, PG and 0 2 ' are summarized 
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Inhibition of ca rrageenan-i nduced paw oedema by PEGrhSOG when given 30 mm before (-30) or I h ( + 1) after 
tration (A) and lack of effect of catalase (Cat) or desfeniewgnine (Dcs) (B) 



r«™(h) 
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1.7*0.2 
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1.3 ±0.01 
1.5 ±0.03 
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■e in paw volume (ml). Each point is the tt 



in the model shown in Figure 9. Within the first hour following 
carrageenan injection, oedema is induced by the release of 
mediators such as histamine, bradykinin and 5-HT, but not by 
PG. These mediators, following activation of their receptors 
on endothelial cells, trigger cNOS activation resulting in the 
generation of NO. Since treatment with non-selective NOS 
inhibitors produced virtually complete inhibition of oedema 
formation at (his time, we propose that NO released as a 
consequence of cNOS activation may be the final common 
mediator responsible for the early phase of the inflammatory 
response to carrageenan. Whether the cNOS efects are en- 
dothelial or neuronal NOS-mediated remains to be in- 
vestigated in future studies. As the inflammatory response 
progresses, iNOS is induced and generates larger quantities of 
NO which appear to maintain the oedema during the sustained 
phase. Although the mechanisro(s) involved in the regulation 
of iNOS induction in this model are not known, it is likely that 
cytokines are involved. In mice following the intraplantar in- 
jection of carrageenan, TNF-a, IFN-y as well as cytokines such 
as IL-1 and IL-2 are produced (Ianaro et «/., 1994). These 
molecules have been shown to induce iNOS in a variety of cells 
including macrophages, smooth muscle cells and endothelial 
cells (see Moncada & Higgs, 1993 for review). COX-2 is also 
induced within 2 h after carrageenan adrninistrattoa (Seabert et 
at., 1994). The NOS and COX pathways appear to operate 
together to amplify the inflammatory response. This is 
achieved by a synergistic interaction between NO and PG on 
blood flow and microvascular permeability (Warren et ai., 
1992), as well as by a NO-driven COX activation leading to the 
exaggerated production of PG (Salvcmini et of., 1993; 
199Sa,b). The dual inhibition of NO and PG obtained with 
NOS inhibitors could account for their marked anti- 
inflammatory effect. 



Neutrophil infiltration in response to carrageenan and fol- 
lowing NADPH oxidase activation generates an oxygen- 
respiratory burst giving rise to oxygen-derived free radicals 
such as Oj~. Ojf promote lipid peroxidation, increase vas- 
cular permeability, elicit cellular recruitment and produce tis- 
sue damage (see Fantone A Ward, 1982 for review). 
Furthermore, the generation of Oj~ in the presence of NO 
forms the cytotoxic radical ONOO" (Beckman et ai, 1990). 
ONOO - can in turn decompose to form additional toxic 
molecules including nitrogen dioxide and OH (Beckman et a/., 
1990; Radi et al n 1991). The localization of nitrotyrosine im- 
munoreactivity, a marker of peroxyni trite formation, within 
the inflamed paw tissue during the late phase of carrageenan- 
induced hindpaw inflammation suggests that ONOO" was 
generated and could be responsible in part for the production 
of tissue damage in this model. The precise biochemical nature 
of the role of ONOO - remains to be elucidated, but it appears 
not to involve to any great extent the formation of OH. 

Ia summary, we propose that possible mechanisms by ~1 
which NOS inhibitors exert their anti-inflammatory effects 
include the inhibition of: neutrophil infiltration, PG and NO 
production, and the generation of peroxyni trite. These findings j 
also suggest that the inhibition of the sustained phase of the 
paw oedema following the intraplantar injection of carragee- 
nan is suitable for the in vivo assessment of the anti-in- 
flammatory actions of novel inhibitors of the inducible form of 
nitric oxide synthase. 
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Citations and explanations: 

Document 1. JP, 64-13019, A (Tsumura Juntendo Co., Ltd.), 17 January, 1989.(17.01.89), Patent 
claims, working example 12) 

Document 1 cited in the ISR describes a compound expressed in formula L which is an active 
ingredient of a aldose reductase inhibitor, and the compound described in working example 12 as a 
concrete example is a reduction of the double bond of the compound expressed in formula (9) above 
and corresponds to the derivative of the compound expressed in formula (9). And formula (1) 
includes the compound expressed in formula (9) described in claim 1, and a compound where the 
portions x, y of the compound of working example 12 were joined, in other words, double-bonded, is 
also considered to be equal to being described. 

Therefore, the inventions of claims 1-4 do not appear to be novel or to involve an inventive step in 
view of document 1. 

And letting food, beverages or a feed contain the above aldose reductase inhibitor of document 1 is 
also something that a person skilled in the art could easily do. 

Therefore, the inventions of claims 5-7 do not appear to involve an inventive step in view of 
document 1. 
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